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PREFACE

This publication is a collection of the presentations given at the NASA Computational Fluid
Dynamics (CFD) Conference held at NASA Ames Research Center, Moffett Field, California,
March 7-9, 1989. The objectives of the conference were to disseminate CFD research results to
industry and university CFD researchers, to promote synergy among NASA CFD researchers, and to
permit feedback from researchers outside NASA on issues pacing the discipline of CFD. The focus
of the conference was on the application of CFD technology but also included fundamental
activities. The conference was sponsored by the Aerodynamics Division, Office of Aeronautics and
Space Technology (OAST), NASA Headquarters, Washington, DC 20546.

The conference consisted of twelve sessions of papers representative of CFD research conducted
within NASA and three non-NASA panel sessions. For each panel session, the panel membership
consisted of industry and university CFD researchers. A summary of the comments made during the
panel sessions have been included in this publication.

The conference proceedings are published in two volumes. Volume 1 contains the papers presented
in Sessions I-VI; Volume 2 contains those given in Sessions VII-XII. Each volume contains the
same front matter, and each contains a list of attendees as an appendix.

ix|
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NASA CFD Conference
NASA Ames Research Center
March 7-9, 1989

Panel Sessions Summary

The NASA CFD Conference was held at Ames Research Center on March 7-9,
1989. To conclude each day's presentations, a panel session with participation
from the audience furnished a great deal of excellent feedback from the industry
and academic communities. During the conference it was evident that the panel
members proffered comments only after having spent considerable time in
preparing them.

The members of the panel sessions are listed below:

March 7 P. Rubbert - Boeing Commercial Airplanes
R. Melnik - Grumman Aerospace Corporation
D. Whitfield - Mississippi State University

March 8 I. Bhateley - General Dynamics - Fort Worth Division
R. Agarwal - McDonnell Douglas Research Laboratories
R. MacCormack - Stanford University

March 9 V. Shankar - Rockwell International Science Center
J. Carter - United Technologies Research Center
A. Jameson - Princeton University

The crucial comments from the three panel sessions have been combined and are
summarized as follows:

- NASA's CFD program is now too heavily focused on applications: program
balance has swung from fundamentals (1970's) to applications (1980's)

- Three critical "needs" emerged:

(1) More algorithm research is needed; especially for Navier-Stokes
solvers with unstructured grids

(2) More research is required on geometric modelling; need rapid,
accurate, and effective surface definition techniques

(3) More research is needed on grid generation methods with the focus
on speed, efficiency, and grid quality to reduce set up time and
complexity

- Developers of CFD need to understand the needs of the users; designers of
aerospace vehicles have requirements that are different than the CFD
researchers perceptions

- Industry needs more reliable and cost effective CFD tools
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Additional detail comments from the three panel sessions are listed below:

- CFD has matured during the last decade and is being used to solve real
problems; however, industry lacks confidence in Navier-Stokes solutions

- Industry needs codes that have been validated to increase confidence in
CFD technology

- Improved communality between codes would increase usability; standards

are needed

- Improved data storage, netwdfking, data transfer, and graphics required to
assimilate information provided by CFD

- Improved turbulence modéling for separated flows
- Accurate prediction of drag for complete powered aerospace vehicles
- Develop multidisciplinary CFD technology with optimization capability

- NASA must maintain focus on technology development and high risk
research

- Technology transfer is not complete until ciesign engineers are using CFD
codes successfully N - o

- Industry needs NASA to improve CFD technology for codes simpler than
Navier-Stokes solvers

- NAS program has been extremely helpful to industry in transferring CFD
technology

- Industry needs to be more aggressive in their use of CFD

- Improved understanding of CFD by design engineers required; cooperative
programs or workshops were suggested to bring CFD researchers and
designers together

- Design cycle time needs to be reduced with CFD; codes must be cost
effective, reliable, and useable, and robust to work at flight Reynolds
Numbers

- Improved coordination/reduced overlap of CFD applications between NASA
centers
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NASA CFD CONFERENCE PROGRAM

Thursdav, March 9
7:50 am Administrative Announcements
Session IX (Turbomachinery) Chairman: R. Stubbs
8:00 am Simulation of Turbomachinery Flows
by J. Adamczyk
8:20 am Prediction of Turbine Rotor-Stator Interaction Using Navier-Stokes Methods
by N. Madavan, M. Rai, and S. Gavali
8:40 am Turbine Stage Aerodynamics and Heat Transfer Prediction
by L. Griffin and H. McConnaughey
9:00 am Automated Design of Controlled Diffusion Blades
by J. Sanz
9:20 am Numerical Analysis of Flow Through Oscillating Cascade Sections
by D. Huff
9:40 am Numerical Analysis of Three-Dimensional Viscous Internal Flows
by R. Chima and J. Yokota
10:00 am Break
Session X (STOVL ) Chairman: M. Liou
10:20 am Simulators of PoweredLift Flows
by W. Van Dalsem, K. Chawla, M. Smith, K. Rao, and T. Blum
10:40 am A Numerical Study of the Hot Gas Environment Around a STOVL Aircraft in
Ground Proximity
by T. Van Overbeke and J. Holdeman
11:00 am CFD Analysis for High Speed Inlets
by T. Benson
11:20 am The Use of a Navier-Stokes Code in the Wing Design Process
by S. McMillin
11:40 am Application of a Transonic Wing Design Method
by R. Campbell and L. Smith
12:00 pm Lunch



NASA CFD CONFERENCE PROGRAM

Session XI (Algorithms and Tools) Chairman: J. Steger
1:00 pm An Embedded Grid Formulation Apphed to Delta Wings
by J. Thomas and S. Taylor

1:20 pm Unstructured Mesh Solution of the Euler and Navier-Stokes Equations
by T. Barth
1:40 pm 3-D Unstructured Grids for the Solution of the Euler Equations

by C. Gumbert, P. Parikh, S. Pirzadeh, and R. Lohner

2:00 pm Flux Splitting Algorithms for Two-Dimensional Real Gas Flows
by J. Shuen and M. Liou

2:20 pm Visualization of Fluid Dynamics at NASA Ames
by V. Watson
2:40 pm Computational Fluid Dynamics on a Massively Parallel Computer

by D. Jespersen and C. Levit

SeuionX]I(HypersonichFE) Clmirman.CLi A '
3:20 pm Conservation Equations and Physical Models for Hypersomc Air Flows Over the .
Aeroassist Flight Experiment Vehicle
by P. Gnoffo

3:40 pm The Computation of Thermo-Chetmcal Nonethbnum Hypersomc Flows
by G. Candler

4:00 pm Aerodynamic Heating and Stability Analyses for Aeroassist Flight Experiment
Vehicle
by J. McGary and C. Li

4:20 pm Aeroassist Flight Experiment Aerodynamics and Aerothermodynamics
by E. Brewer

4:40 pm Direct Simulation of Rarefied Hypersonic Flows
by J. Moss

5:00 pm Break
5:10 pm Panel Session Chairman: V. Shankar - Rockwell
dJ. Carter - United Technology

A. Jameson - Princeton University

6:10 pm Conference Adjourned




SESSION 1

CENTER OVERVIEWS

Chairman:
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COMPUTATIONAL FLUID DYNAMICS PROGRAM
AT NASA AMES RESEARCH CENTER

Terry L. Holst

Chief, Applied Computational Fluids Branch
NASA Ames Research Center, Moffett Field, California

ABSTRACT

The Computaticnal Fluid Dynamics (CFD) Program at NASA Ames Research Center is
reviewed and discussed. The presentation is broken into several sections as follows: First, the
technical emements of the CFD Program are generally listed and briefly discussed. These
elements include algorithm research, research and pilot code development, scientific
visualization, advanced surface representation, volume grid generation, and numerical
optimization. Next, the discipline of CFD is briefly discussed and related to other areas of
research at NASA Ames including Experimental Fluid Dynamics, Computer Science Research,
Computational Chemistry, and Numerical Aerodynamic Simulation. These areas combine with
CFD to form a larger area of research, which might collectively be called computational
technology. The ultimate goal of computational technology research at NASA Ames is to
increase the physical understanding of the world in which we live, solve problems of national
importance, and increase the technical capabilities of the acrospace community.

Next, the major programs at NASA Ames that either use CFD technology or perform research
in CFD are listed and discussed. Briefly, this list includes turbulent/transition physics and
modeling, high-speed real gas flows, interdisciplinary research, turbomachinery demonstration
computations, complete aircraft aerodynamics, rotorcraft applications, powered lift flows, high
alpha flows, multiple body aerodynamics, and incompressible flow applications. Some of the
individual problems actively being worked in each of these areas is listed to help define the
breadth or extent of CFD involvment in each of these major programs.

State-of-the-art examples of various CFD applications are presented to highlight most of these
areas. The main emphasis of this portion of the presentation is on examples which will not
otherwise bé treated at this conference by the individual presentations. Thus, a good survey of
CFD applications research at NASA Ames can be obtained by looking at this presentation in
conjunction with the individual NASA Ames presentations made at this conference.

Finally, this overview is concluded with a list of principal current limitations and expected
future directions. Some of the future directions include algorithm research, turbulence/transition
research, multidisciplinary research, graphics and workstation research and applications which
will address more realistic simulations in the engineering world.
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PRESSURE CONTOURS FOR AN IMPINGING
SHOCK WAVE FLOW
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Computational Fluid Dynamics at the Lewis Research Center
An Overview

By
Robert M. Stubbs
NASA-Lewis Research Center
Cleveland, Ohio 44135

Lewis is a multidisciplinary Center with strong research and
development programs in aeronautical and space propuision, power,
space communications, space experiments and materials.
Computational fluid dynamics (CFD) is playing an important and
growing role in most of these areas. This presentation describes
how CFD is integrated into these programs and highlights elements
of the CFD activities. Examples are presented of codes developed to
predict flow fields in advanced propuision systems and several of
the code validation experiments are described. As will be evident in
the several Lewis authored papers to be presented at this
conference, the CFD effort at Lewis ranges from basic research on
new and improved algorithms through code development to the
application of these codes to specific engineering problems.
Because of the substantial improvement in CFD's predictive
capability its use at Lewis is on a steep growth path, spreading
rapidly into new areas which had not traditionally taken advantage
of the techniques of numerical simulation. The presentation
concludes with a discussion of multidisciplinary codes and the
future direction of CFD at Lewis.
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Marshall Space Flight Center CFD Overvilew
L. A. Schutzenhofer, NASA/MSFC

Computational Fluid Dynamics (CFD) activities at Marshall Space
Flight Center (MSFC) have been focused on hardware specific and
research applications wlth strong emphasis wupon benchmark
validation. The purpose of thils overview 1s to provide 1nsight
into the MSFC CFD related goals, objectives, current hardware
related CFD activitles, propulsion CFD research efforts and
validation program, future near-term CFD hardware related
programs, and CFD expectatlons. The current hardware programs
where CFD has been successfully applied are the Space Shuttle
Main Engines (SSME), Alternate Turbopump Development (ATD), and
Aeroassist Flight Experiment (AFE). For the future near-term
CFD hardware related activities, plans are being developed that
address the 1mplementation of CFD into the early design stages
of the Space Transportation Mailn Englne (STME), Space
Transportation Booster Engine (STBE), and the Environmental
Control And Life Support System (ECLSS) for the Space Station.
Finally, CFD expectatlions 1in the deslgn environment will be
delineated.
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NO1-10844

Johnson Space Center CFD Overview

C.P. Li
Advanced Programs Office
Johnson Space Center, Houston, Tx 77058

Recent applications and development of CFD technology have focused on flow
problems that are critically important to the operation and design of space flight
vehicles. The main effort is spent on the Space Shuttle in order to provide an un-
derstanding of the cryogenic fluid in the duct connecting the External Tank and
the Main Engines, the subsonic flow surrounding the Orbiter during crew egress
maneuvers, the transonic aerodynamic forces on the the Orbiter fuselage and wing,
the high angle-of-attack abort flight, and the aerodynamic heating during entry.
To provide in-depth analyses for such diverse problems within a timely schedule,
matured panel codes and a state-of-the-art incompressible turbulent flow code were
adapted. Collaboration with Ames Research Center has resulted in a Shuttle ascent
aerodynamic code; and a viscous chemical nonequilibrium code is being developed
for predicting Orbiter real-gas aerodynamics and finite-catalytic heating. The re-
maining activities are devoted to the prediction of the flow environment around the
Aeroassist Flight Experiment vehicle at hypersonic speeds and high altitudes. A
thermochemical nonequilibrium Navier-Stokes code has been developed on the ba-
sis of two- temperature and 11-species models for solving both the shock layer and
near wake. After validating the code against wind-tunnel aerodynamic, pressure
and heating data, the code is being used to supplement the ground test facilities
in predicting a more realistic flight environment. CFD technology is being relied
upon by other programs as well in the consideration of candidate configurations. A
biconic cone entering the Martian atmosphere at moderate angles of attack will be
analyzed for its stability and heating distribution for the proposed mission. Capa-
bilities of simulating the low and medium lift-to-drag vehicles flowfield flying back
from the Space Station have been demonstrated and will be enhanced to include
winglets. The development of hypersonic CFD technology at JSC will continously
emphasize the modeling of radiation and ablation in continuum flow regime, suffi-
cient realism of geometry, and efficiency of computational methods.
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BOW SHOCK SURROUNDING A SWEPT-WING VEHICLE

AT MACH 22 and AOA 40 WITH EQUILIBRIUM CHEMISTRY
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NO1-10845

NASA'S CFD VALIDATION PROGRAM

by

Dale R. Satran
Program Manager
Aerodynamics Division
NASA Headquarters

With computational fluid dynamics (CFD) becoming a productive research
and design tool, the requirement to validate CFD codes has grown
significantly. NASA has emphasized CFD validation activities since 1986
when a separate work element was formed to fund experimental activities
related to validation. NASA's CFD and CFD validation programs are
closely coordinated to ensure that experimental data bases are available as
soon as possible for validating codes. In response to industry and academic
requirements, four levels of experimental research have been defined as
part of CFD validation with NASA's Aeronautics Advisory Committee
(AAC) support although only the fourth level actually has the detailed
information necessary for validating codes.

Critical flow physics especially turbulence modeling are key to improved
CFD codes. NASA has focused additional resources on transition and
turbulence physics to meet these requirements. With improved turbulence
models, CFD codes will be more accurate, robust, and efficient. However,
with the level of detailed information available from CFD codes, highly
accurate and detailed experiments are required to capture the critical
information for validating codes. Advanced instrumentation especially

" non-intrusive instrumentation is required to acquire this information in
validation experiments. The CFD validation program is being coordinated
and managed to address these critical activities. A list of experiments
which are currently being supported at least partially has been included
with this presentation.
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AMES CFD VALIDATION PROGRAM FOR FY 1989

LEX/DELTA VORTICAL FLOW '

TRANSONIC LOW ASPECT RATIO WING-BODY
REARWARD FACING STEP

SSME TURNAROUND DUCT

SUPERSONIC SHOCK BOUNDARY LAYER INTERACTION
COMPRESSIBLE PRESSURE-DRIVEN 3-D INTERACTIONS
2-D TRANSONIC CIRCULATION CONTROL

3-D SPIN FLOWS

3-D LOW SPEED WEDGE FLOW WITH SEPARATION
TRANSONIC SUPERCRITICAL AIRFOIL

LOW SPEED HIGH ALPHA INVESTIGATION

CFD VALIDATION FOR WING AERODYNAMICS

3-D HIGH ASPECT RATIO SEPARATED FLOW

STOVL AERO/PROPULSION INTERACTION
THERMO-CHEMICAL NONEQUILIBRIUM FLOWS
PHOTODIAGNOSTIC INSTRUMENTATION

UNSTEADY VISCOUS FLOW

HYPERSONIC SHOCK BOUNDARY INTERACTION
TURBULENT SHEAR LAYERS

TURBULENT BOUNDARY LAYERS

ALL-BODY HYPERSONIC TEST

HIGH SPEED ROTOR FLOWS

HYPERSONIC REAL GAS

SHOCK TUNNEL NOZZLE TESTS

3.6' HWT NOZZLE TESTS

COMBUSTION/DETONATION

FLIGHT/CFD CORRELATION OF F-18 WING PRESSURES AT HIGH ALPHA
SUPERSONIC VORTEX-SHOCK WAVE INTERACTION
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LANGLEY CFD VALIDATION PROGRAM FOR FY 1989

TRANSONIC HIGH ASPECT-RATIO WING
TRANSONIC LOW ASPECT RATIO WING
REARWARD FACING STEP IN WATER TUNNEL
REARWARD FACING STEP IN BART

DELTA WING VORTEX FLOWS

SUPERSONIC COAXIAL JET

TURBULENT MODELING IN SEPARATED FLOWS
45-DEG SWEEP AIRFOIL

BARF LDV TEST

SUPERSONIC BOUNDARY LAYER TRANSITION
NTF FLAT PLATE TEST

VORTEX BURST EXPERIMENTS

HYPERSONIC FLIGHT INSTRUMENTATION
HYPERSONIC INLET TESTS IN HELIUM
HYPERSONIC SHOCK-ON-LIP

HALIS ORBITER EXPERIMENT

BLUNT BODIES (AOTV/AFE) EXPERIMENT
HYPERSONIC WINGED SLENDER BODY
OSCILLATING CANARD/WING UNSTEADY PRESSURES
VALIDATION OF JET PLUME MODULES
SUPERSONIC JET PLUME DYNAMICS
SUPERSONIC HIGH-ALPHA FLOWFIELD

OFF-AXIS WING-BODY STUDY

STORE/CAVITY SEPARATION EXPERIMENTS
WAVERIDER DESIGN PROCEDURE

5 DEG CONE EXPERIMENT

75/76-DEG DELTA WINGS

NTF FOREBODY/MISSLE MODEL

LEADING EDGE VORTEX FLAP

X-29 EXPERIMENT IN NTF

3-D TRANSONIC CAVITY FLOW

LOW REYNOLDS NUMBER AIRFOIL EXPERIMENTS
CONFLUENT BOUNDARY LAYER

GORTLER INSTABILITY ON AIRFOILS
EXPERIMENTAL INVESTIGATION OF TURBULENCE
RANGE AND ACCURACY OF THIN FILM ARRAYS
JUNCTURE FLOW EXPERIMENT

SWEPT SUPERCRITICAL HLFC AIRFOIL EXPERIMENTS
TWIN ENGINE AFTERBODY EXPERIMENT
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LEWIS CFD VALIDATION PROGRAM FOR FY 1989

3-D SHOCK WAVE/TURBULENT BOUNDARY LAYER INTERACTIONS
3-D FLOWS IN HIGH SPEED TURBOMACHINERY

BLADE SURFACE BOUNDARY LAYER

FUNDAMENTAL SEPARATION BUBBLE RESEARCH

AIRFOIL (BLADING) FLOW CONTROL

LEADING EDGE STAGNATION REGION

BOUNDARY LAYERS IN TRANSITION

UNSTEADY HEAT TRANSFER IN ROTOR WAKES

TRANSITION DUCT - AERO & HEAT TRANSFER

VORTEX GENERATORS

SHEAR LAYER EXCITATION - JET MIXING

SHEAR LAYER EXCITATION - SLOT RESONATOR
MULTI-PHASE FLOWS

MULTI-PHASE FLOW AND FLUID SPRAY STUDY

LOW TEMPERATURE HEAT TRANSFER

FUEL SWIRLER CHARACTERIZATION

COMBUSTION CHARACTERISTICS OF HYDROCARBON FLAMES
KINETIC STUDY OF H2/02 SYSTEM

FLOW INTERACTION EXPERIMENT

HOT GAS INGESTION

COHERENT STRUCTURES IN SUPERSONIC SHEAR LAYER
AERO CHARACTERISTICS OF AIRFOIL WITH ICE ACCRETION
TURBOMACHINERY BLADE ROW INTERACTIONS
SUPERSONIC THROUGH-FLOW CASCADE RESEARCH
CENTRIFUGAL COMPRESSOR FLOW RESEARCH

SUPERSONIC THROUGH-FLOW FAN RESEARCH

HIGH REYNOLDS NUMBER (HEAT TRANSFER)

DETAILED AERO OF ADVANCED TURBOPROPS

FUEL RICH CATALYTIC COMBUSTION
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SESSION III

TRANSITION AND TURBULENCE

Chairman:

Thomas A. Pulliam

Chief, Computational Physics Section
Fluid Dynamics Division

NASA Ames Research Center






N91-10848

UNDERSTANDING TRANSITION AND TURBULENCE
THROUGH DIRECT SIMULATIONS

P. R. Spalart & J. J. Kim

A. R. C., C. F. D. Branch, Turbulence Physics Section

Direct simulations consist in solving the full Navier-Stokes equations,
without any turbulence model, and describing all the detailed features of the
flow. Usually the flows are three-dimensional and time-dependent and contain
both coarse and fine structures, which makes the numerical task very chal-
lenging in terms of both the algorithm and the computational effort. Most
of the work until now has involved spectral methods, which are highly accu-
rate but not very flexible in terms of geometry or complex equations. For
that reason, future work will also rely on high-order finite-difference or other
methods.

Direct simulations complement experimental work, and both contribute
to the theory and the empirical knowledge of turbulence. Once such a sim-
ulation has been shown to be accurate the flow field is completely known, in
three dimensions and time, including the pressure, the vorticity and any other
quantity. On the other hand, most simulations to date solved the incompress-
ible equations in rather simple geometries, and direct simulations will always
be limited to moderate Reynolds numbers. Extensive simulations have been
conducted in homogeneous turbulence, channel flows, boundary layers, and
mixing layers. Much effort is devoted to addressing flows with compressibil-
ity and chemical reactions, and to new geometries such as a backward-facing
step.
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Velocity contours in a homogeneous shear flow
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Direct Simulation of Compressible Turbulence

T.A. Zang and G. Erlebacher
NASA Langley Research Center

M.Y. Hussaini
Institute for Computer Applications in Science and Engineering
NASA Langley Research Center

The physics of turbulence remains one of the most challenging problems in fluid dynam-
ics. Although more than a century of effort has been devoted to it, a lot of fundamental
issues are still unresolved. This is particularly so in the case of turbulence in high speed
flows because of the increased number of possible mode interactions due to compressibility
effects. For example, the cubic non-linearities in the momentum equations allow the vor-
ticity, acoustic and entropy modes to interact with each other. The dynamics are further
complicated by the possible existence of non-stationary shocks and/or eddy shocklets.

In this paper, several direct simulations of 3-D homogeneous, compressible turbulence
are presented with emphasis on the differences with incompressible turbulent simulations.
A fully spectral collocation algorithm, periodic in all directions coupled with a 3rd order
Runga-Kutta time discretization scheme is sufficient to produce well-resolved flows at Tay-
lor Reynolds numbers below 40 on grids of 128x128x128. A Helmholtz decomposition of
velocity is useful to differentiate between the purely compressible effects and those effects
solely due to vorticity production. In the context of homogeneous flows, this decompo-
sition is unique. Time-dependent energy and dissipation spectra of the compressible and
solenoidal velocity components indicate the presence of localized small scale structures.
These structures are strongly a function of the initial conditions. We concentrate on a
regime characterized by very small fluctuating Mach numbers Ma (on the order of 0.03)
and density and temperature fluctuations much greater than M a?. This leads to a state in
which more than T0% of the kinetic energy is contained in the so-called compressible com-
ponent of the velocity. Furthermore, these conditions lead to the formation of curved weak
shocks (or shocklets) which travel at approximately the sound speed across the physical
domain. Various terms in the vorticity and divergence of velocity production equations are
plotted versus time to gain some understanding of how small scales are actually formed.
Possible links with Burger turbulence are examined.

To visualize better the dynamics of the flow, new graphic visualization techniques have
been developed. The 3-D structure of the shocks are visualized with the help of volume
rendering algorithms developed in house. A combination of stereographic projection and
animation greatly increase the number of visual cues necessary to properly interpret the
complex flow. The presence or absence of shocks is automatically detected by monitoring
of the minimum and maximum divergence of the velocity field over the physical domain.

PRECEDING FAZE BLANK NOT FILMED 151



TTCD
TTl~

(2A+24) : (04 +2A)% =
muﬂd

¢
*(a-A Y= —

T A =t = 4

[4 N
(84 +aA)T =2

Aq psugep are uorpounj uoiyedissIp pue SIOSUS) SSOI)S 97} dIOYM

I =d%
2y % oY +d > 1a
2w LAY + o Adh = —
gyt T A AT T aAdte =0,
|m %i( _a
2A—+dA °q
ad)-A+ = a

de
‘juelsuod Ile Joquunu jpueld pue hﬁwovmm A

'd aanssaxd ‘Od Lysuop ‘O arnyerodura], ‘0r) ‘A3100[A

STOTYeZI[eUOISUoWI(]-UON

SNOILVNOHA SAMO.LS-UAIAVN

152



‘saA1323[q0
peuonjuswaIofe 943 premoy dogs jsIg oYy st 9duemqingy ordorjost, drmosiedns
jo sonsLIegoRIey> Juspuadap-ouIr) oY} U0 S}OS UWONIPUOD Teljrul Jo Apnys 3YJ, o

(s3of
-ure1os "8-0) s1oAe] reays oruosiadns ul se1393eI)s JuswsdUeyUS JunxTur do[aAd(T o

‘sour8aa oruosiodAy pue ormosiodns aYy) Ul sIofe] 3UTXTW pue sIdAe]
Teoys ‘90ud[NqIny SNOAUISOWOY U INIJ0 SYO0YSs AYM pue ‘usaym ‘JI pue)siapuy) e

HAILLOHIO

153



[e213usp! sumijoads uore[211000jNe SOTWRUAPOULISY) pue A319U9 [RI}IUL @
A11sTUIayD OU *

se3 eopt o

(re) L0=1d ®

1Ue)Suod ' 0} uom. 1mq ‘£31S0081A o[qeLreA 10] dn 3as apo)) e

suoryenba $9301G-191ARN [N (-¢ ‘yuspuadop-oulr} 2AJ0G e

SOISAHd

154



I9+1
do+1 =

Il
< &~

aye[nore) o
L9 ‘09 10} s[oA9] swx AJ10odg e

oyz/ 4251 = (1)

L9 ‘d9‘a uo winipads worye[airodoine asodui] e

0 = ’axA
0 = "&A

01 109[qns 1¢ ‘d¢ ‘a wopuel ayeIousr) e

(1) SNOILIANOD TVILINI

155



APGn+im)
APMS
Aymqrssaadurod Jo [9A9] Terytul AJ1oodg e

QEL.NN O.E. — 3.2
e[nuio} ojeuwrrxoxdde oY) 03 Surpiodde
IR
on N

z
aindwos pue ‘’py Ioquinu yoeJy Suiyenjony AJodg e

(2) SNOILIANOD TVILINI

156



(degs pug) Aamordur payeary surId) O1ISNODY —

(degs 9sT) surrag Jo1dXe Y} WO SUIT) UT POYJoUI eYNY[-eSuny Ispio pIg —
wyjrrosre Surdg e
uo1)eId)l AI19A9 Je 9deds I91INO Ul UoIjedunI) d21doIjosy e
SIOII9 UOTJRZIJDIISIP SUIT) JO IIUISYR UI SUISYDS SAIJRAIISUOY) @

(x0q o1porrad) suo1ORITP YJ0Qq U UOIFLIO[[0)) ISLINO] @

OH.LIN TVOIHHINNIN

157



1.41

—.91e—01

—-1.58

-3.08

-4.58

—8.08

-7.57

-9.07

-10.57

—12.06

-13.56

turb3d/run132

..
aad e
)

Illlllllll|III|II|IIIIIIIIII|||l|llll|l|lll

e, o

¥ LILBLIL LILBLEL LB LIRS Ty rrid T lalag B 1
| T | | | | RRRREN
............ e tene semansenmane el .

L ewm .-
- cvea®®""
- - o

in divergsence
ax divergence

T1i¢11
o
v

llllllllllllIlllllllIllllIlllllLl

llllllllIll!lllllllllllllllllllllllll I[Llll‘ll n
0.00 1.10 2.20 3.30 4.40 5.50
time

158




K.E> dissipation

0.69

0.82

0.56

0.49

0.42

0.35

0.28

0.22

0.15

0.79e¢—01

0.11e—01

turb3d/run132

[ ||IIIlI‘lIlllllll‘ll||llllllllllllIllllllllllll
IllllllllllllllIllllllllllllllllllllllllll]]|||||-v
0.00 1.10 2.20 3.30 4.40 5.50
time

159



omegax*2

turb3d/run132

AR S AR 'L LS RAARE LLAAE RAREN RALRE RARAN RALLE RARE®
85.15 = —;
5.01 -g
4.88 §' ‘;
4.71 g- —-:‘
4.57 ;— —;
4.42 ;’ —;
4.27 ;"‘ -g
4.13 .:-_ —E
3.98 é— _f
384 TN N PV TR AT FITI T PP ©
0.00 1.10 2.20 3.30 4.40 5.50

time

160



turb3d/run132

T

LILE L — LIRBLAL _ rrri — LILIRBL] — LI

_JLTE

I
-

LR LI I it I LELILIRI I T I

1141

o -
[— 1] - —
= m Y e ————— -
B H -
- I N
" Pl .
- > =
s oo .
- - 00  Steenl N
— voa = -~
r .

000 0 TUmseeell S -
- 238 Tt -
[ o0 0 -="]
- 333 3
B L' AT -— =
| e e o . .\:: ............... 3

LN N e e ol TS EIPORNPPY P DL L L by =

L1y Ph.—..-.u.l.._t_...._.._.

B e e e e e -

- —
-

voflt. ge
H. ge
voit

ALY
lllll

-
-
-

- - -

an=®
-
.

————

‘‘‘‘‘‘

-
-
Y Ladadnd

e

-
-~
-

-
-
-

-

L1111 l L1

L1t _ 111l — 1111

1.44

1.22

1.00
0.79
0.57
0.36
0.14

—-.29
—-.50
-.72

2.20 3.30 4.40 5.50

.10

1

0.00

ime

161



turb3d/runi132

16.78 . e aaasnassssanas nansy LARS RARRE RAREE RARELERNE
15.11 ? 'é
13.44 E‘ ‘;
11.77 é- ......... _;
10.10 é‘ -g
8.43 '- -:
5.09 ; 'é
3.43 é -
e b :
et eeem e et .
0.87e—01 L...l..,,l.“.l.“.l....l,...ll...l..,.l....l.. .

0.00 1.10 2.20 3.30 4.40 5.50

time

162



0ogog ‘o
0000z o
0ooolL o
00000 ‘o
00001 "0~
0onge - o-
oopoe *a-
0ooor *0-

goed-

~ e oy

UGG 3~

goootL "t-
gooog L~
gogpe* L -
000or - -
0000s° 1~
00oo0g ‘i -
goooe *1L-
00008 ' i -
00006 ' L -
00oog ' 2-
googt *z-
0o00e cg-
nooge * 2-
oooor*2-
0ogos - 2-
opoon9 *z-
00002 "2-
0oop8-¢-
0pDooe6 “2-
00000 ‘€-
0oooL ‘e~
$73N37 HNOINDI

aryg 991 XG9x59
INIL S°S
ay 0'L-
HHd Y 930 oo‘D
HIOUNW oDp-iL

X0L=1"04s “20°=1Y3 ‘| =SWun ‘gg-|=py *gz0" =Bl ‘DSL=3y
009=3! "g°E€=} "Zeluna/peguany

ALIJ0T13n 40 3INITYINIQ

163



run132, it=725, t=4

_‘506—05 _‘ [ 1L l LI I LI I LLELILI I LILELIL I LELILIB] ‘ LI I LR ILIL I LILELIELIW

—1.00 — 3

—2.00 compressible energy —_—

| solenoldal energy = et s

\ density gradient = --==-T .

-3.00 AWAN temperature gradient = c=eere -

—4.00 _:

-5.00 _E

-—8.00 _:

—7.00 RN s

L

\_/'\‘ —— ;

—8.00 AW \“.

—-9.00 _E

_10.00 I I | 1 L“'l 1 I AL L1 I [ I 11 L] I L 1L l LL11 I 111 lJ I,I, 1 1 L1l .
0.00 28.00 52.00 78.00 104.00 130.00

k

164



Surys9], Surpepou 20UI[NGINT, ©
(ssa1801d ut) 9ous[NGINg 21dOI}0S! [RUOISUSWIP-IAIYT, @

STUOTI}IRISIUT YOS YA sIofe] SUXIA e

JIoM\ dIming

SUOISTRWITP ¢ Ul SOIUTRUAP 37}
J0 9ouasse a3 amjded 0} Aressecou are sonbruyoey TolezIfENSIA pajedlysiydog o

(eamyonijs Jooys 3y} £q paduUIPIAd se) otdorjostae sowodaq APIND L3004
jo yueuodurod Jqissardmoo 3y} ‘4esuo 3y} Je d1doIjost ST MO 3} g3noyy[y e

mnipoads £319us
o[qrssaxdmod 57} JO INJONIYS Y} UI PIYOSPal ST SYO0YS 3837} JO aouasaid ayqJ, o

uTewop 973} SsoIde punos Jo paads ay3 ye djededoid syooys 9597, @

"PI°Y STureuipoux
-Io7} pue £3100[PA (J-Z WOPUeI A[[eIIul Te Aq payeIousd aq Ued SYI0Us Jeap o

SNOISN'TONOD

165






RECEDaR PAGY BLARK NOT FILMED

N91-10848

Non Linear Evolution of a Second Mode Wave in Supersonic Boundary Layers

G. Erlebacher
NASA Langley Research Center

M.Y. Hussaini
Institute for Computer Applications in Science and Engineering
NASA Langley Research Center

Recent advances in supersonic and hypersonic aerospace technology have led to a renewed
interest in the stability and transition to turbulence of high speed flows. The last 30 years have
intermittently witnessed some vigorous attempts to understand some of the fundamental routes
to transition for incompressible flows. While a fairly comprehensive picture of the initial stages
leading to the breakdown of an incompressible laminar boundary layer has emerged (mostly under
controlled conditions) the non-linear effects responsible for transition at high speeds are still very
much a mystery. However, the current nonlinear incompressible theories, numerical simulations and
experiments will, hopefully, serve as a guide in gaining a better understanding of the mechanisms
present in the supersonic and hypersonic regimes.

Compressible linear stability theory diverges from incompressible linear stability theory in sev-
eral ways. Incompressible inviscid instabilities, linked with the existence of an inflection point in
the mean streamwise velocity profile are replaced by a correlation between inviscid compressible
instabilities and a generalized inflection point, which brings into play the mean density profile.
Furthermore, as the Mach number increases, the growth rate of the 3-D modes begin to overtake
those of the 2-D modes. Beyond Mach 2.2, multiple unstable modes (at fixed Reynolds number
and frequency) can coexist. The higher modes are inviscid in nature and have different behaviors
with regard to wall cooling. Not only are they more unstable than their first mode counterparts
(viscous in nature) above a certain Mach number, but they are destabilized by wall cooling, which
is detrimental for high altitude hypersonic aircraft.

It is of vital importance that the nonlinear nature of these second mode instabilities be under-
stood, and that their role in the context of transition be elucidated. The objective of the work is
to understand the possible equilibrium state of a second mode wave, before initiating a study of
3-D wave interactions. '

Two years ago, a spectral code was developed to perform direct simulations of subsonic and
supersonic flows over flat plates. In this paper, we present several direct simulations of one 2-D
second mode perturbation wave, superimposed upon a prescribed mean flow. Periodicity is assumed
in the streamwise direction (Fourier) and the variables are expanded in Chebyshev series in the
direction normal to the plate. The code is fully explicit and is time advanced with a 3rd order
Runga-Kutta scheme. The second mode wave ( Rs- = 8000), interacts with itself to generate higher
streamwise harmonics. Physical parameters are chosen to maximize the linear growth rate at the
prescribed Reynolds number. Initial results indicate that the nonlinear processes begin in the
critical layer region and are the result of the cubic interactions in the momentum equations, rather
than due to the higher streamwise harmonics. Analysis of the various terms in the momentum
equations combined with numerical experiments in which various modes are artificially suppressed,
lead to the conclusion that asymptotic methods will produce the saturated state in one or two
orders of magnitude less computer time than that required by the direct numerical simulations.
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NUMERICAL SIMULATION OF NONLINEAR DEVELOPMENT OF INSTABILITY WAVES

Reda R. Mankbadi
Institute for Computational Mechanics in Propulsion
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135, U.S.A.

and

Cairo University
Cairo, Egypt

SUMMARY

The present work is concerned with the nonlinear interactions of high
amplitude instability waves in turbulent jets. In plane shear layers Riley
and Metcalf (1980} and Monkewitz (1987) have shown that these interactions are
dependent, among other parameters, on the phase-difference between the two
instability waves. Therefore, in the present work we consider the nonlinear
development of both the amplitudes and the phase of the instability waves. The
development of these waves are also coupled with the development of the mean
flow and the background turbulence. In formulating this model it is assumed
that each of the flow components can be characterized by conservation equations
supplemented by closure models. Results for the interactions between the two
instability waves under high-amplitude forcing at fundamental and subharmonic
frequencies are presented here. Qualitative agreements are found between the
present predictions and available experimental data.

E-4658

CONSERVATION EQUATIONS

Each flow component is split in the form:

U (et = ﬂi(x.r) £ 0067, 0+ U oG, D

U is the time-averaged mean flow velocity which is taken to be given by the
two-stage hyperbolic tangent profile. i is the periodic component which is
split into two frequency-components in the form:

g, (0-Tu t - 19, (0-Tayt

~ =~
u; = A]"ui1(r,e) e + A2 UZi(r.e) e + C.C.

u is the radial shape taken as the eigen-function solution of the locally-
parallel linear stability equation for each frequency-component. A and ¢

are the amplitude and phase to be obtained from the nonlinear interaction egua-
tions, and © is the momentum thickness u' is the turbulence component which
is related to the turbulence energy T through an assumed Gaussian profile.

THE NONLINEAR INTERACTION EQUATIONS

Time-averaging and phase-averaging techniques are applied to the full
unsteady Navier-Stokes equations to derive the governing equations for each
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flow component. These equations are manipulated to obtain nonlinear equations
for the amplitudes Ay, Az, phases ¢1, ¢, momentum thickness © and the tur-

bulence energy T:

Mean flow
d1
1 ""ma d9 2 2
536 ar = “Imt’ " Lan™ " T2aP2
TJurbulence
d 2 2 3/2
& [ItaT] eI T I AT e L AT - 1T
wwcomponent
d 2 2 2 2
z [ImaA]] c 1 A2 1 AT Ty AAT COSC28, - by, - 8 ¢ o)
dé,, ) _
Iwa x - wSm + Iwm + AZIZm SIn(2¢m - by - ¢ * o)
2w-component
d 2 2 2 2
ax [IZwaAZ] = Thy - Dogthal = Toggfohy €0s(28, — &g, = % * o)
2
d¢2w f\_l

——— * - 3 — —
Lywa 8K = ™20 * Toum ~ A, Ly S1M(20, = &, = 45 +

The integrals I appearing in the above equations are functions of 6, fre-
quencies, and the closure assumptions. S 1is the Strouhal number defined as
wd/(2wU). The solution of the above system of equations is subject to the ini-

tial conditions at x = 0: 8, To, Alos Aze, and ¢g-

RESULTS AND DISCUSSIONS

The calculated fundamental and subharmonic components at Strouhal numbers
0.3 and 0.6 are shown in figure 1 for several initial phase angles. The ini-
tial momentum thickness is 0.026 R, initial turbulence energy levels is 0.0001
the initial energies of the fundamental and subharmonic are taken such that
the initial instability velocity components at the jet centerline are 1.2 and
0.6 percent, respectively. Figure 1 shows that the fundamental is not sensi-
tive to the phase-difference as much as the subharmonic does. Bradiey and Ng's
(1989) measured integral spectral amplitude shows similar features. The funda-
mental is less dependent than the subharmonic on the phase angle. Maximum
subharmonic amplification occurs at ¢o = 180° and minimum subharmonic's ampli-
fication occurs at &g = 0°, same as the present results in figure 1(b).

The calculated centerline phase-averaged velocities are shown in figure 2
in comparison with the data of Arbey and Ffowcs-Williams (1984). The Strouhal
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numbers are 0.3 and 0.6, the initial turbulence energy level is 0.00001, ini-
tial momentum thickness is 0.012. The initial centerline velocity of the

S = 0.3 component is taken 1.5 percent and that of the S = 0.6 is 0.38 of the

S = 0.3 component as in the experiment. At S = 0.3, figure 2(a) shows that
calculate peak occurs further down stream as compared to the measured ones.
However, the calculated peak has the same level as the measured one. The peak
increases when ¢o is changed from O to 180°, as the present computations also
predict. The calculated phase averaged velocities at S = 0.6 shown in fig-
ure 2(b) has the same features as the measured one; same level of amplification
and same dependency on ¢q. The measured component increases again after it
decays which is probably due to its interaction with other frequency compo-
nents. This mechanism is not accounted for here.

~The dependency of the subharmonic amplification on the initial phase angle
is shown in figure 3 for Stroupal numbers 0.2 and 0.4. The initial Jevels are
gy = 7 percent, Uso = 0.5 percent. The peak of the subharmonic at &g = 270°
is three times higher than its peak at ¢o = 90°. The corresponding momentum
thickness is shown in figure 4, compared to the unexcited momentum thickness.
The figure shows that the momentum thickness is only weakly dependent on the
phase angle. This indicates that the direct role of the subharmonic in turbu-
lent jets in controlling the mixing is less pronounced as compared to its role
in controlling the mixing in Laminar jets. However, the subharmonic can still
have a strong role in the mixing process through enhancing the background tur-

bulence which in turn increases the mixing. -

If both the fundamental and subharmonic's initial levels are high, the
dependency on the phase angle is less pronounced as figure 5 indicates. The
Strouhal numbers are 0.3 and 0.6 and the initial levels are Uf = Us = 3 per-
cent. At high initial levels, large energy levels are drained from the mean
flow and therefore the fundamental-subharmonic energy exchanges are relatively

smaller and consequently less pronounced.

The effect of the forcing level at a fundamental frequency of S = 0.4 on
the subharmonic's amplification is shown in figure 6. The figure shows that
the peak of the subharmonic increases with increasing the forcing level. How-
ever, a saturation condition occurs around a forcing level of 10 percent.
Higher forcing Tevels result in no further increase of the subharmonic's peak

over 20 percent.
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More Accurate Predictions with Transonic Navier-Stokes
Methods Through Improved Turbulence Modeling

by

Dennis A. Johnson
Experimental Fluid Dynamics Branch
NASA Ames Research Center

Because the aerodynamic characteristics of aircraft im the transonic
rcgime are so sensitive lo viscous effects, the selection of the turbulence model
for a transonic prediction method is no less important than the selection of the
numerical algorithm. Yet, the usual practice in transonic airfoil, Reynolds-
Averaged, Navier-Stokes codes has been to employ “equilibrium™ algebraic tur-
bulence models.  Satisfactory results are obtained with these turbulence models
for weak interaction cases (i.e., cases where the upper surface shock wave is too
weak to have a major effect on the turbulent boundary layer). Such is not the
situation for cases where the shock wave is sufficiently strong to cause
separation. The danger in using these "equilibrium” turbulence models for
airfoil design is that they can result in unduely optimistic projections of aircraft
performance at off-design conditions.

Significant improvements in predictive accuracies for off-design con-
ditions are achievable through better turbulence modeling; and, without neces-
sarily adding any significant complication lo the numerics. One well established
fact about turbulence is it is slow to respond to changes in the mean strain field.
With the "equilibrium" algebraic turbulence models no attempt is made to model
this characteristic and as a consequence these turbulence models exaggerate the
turbulent boundary layer's ability to produce turbulent Reynolds shear stresses
in regions of adverse pressure gradient. As a consequence, too little momentum
loss within the boundary layer is predicted in the region of the shock wave and
along the aft part of the airfoil where the surface pressure undergoes further
increases.

Recently, a "nonequilibrium” algebraic turbulence model was formulated
which attempts to capture this important characteristic of turbulence. This
"nonequilibrium" algebraic model employs an ordinary differential ~equation to
model the slow response of the turbulence to changes in local flow conditions. In
its originial form, there was some question as to whether this "nonequilibrium"”
model performed as well as the "equilibrium" models for weak interaction cases.
However, this turbulence model has since been further improved wherein it now
appears that this turbulence model performs at least as well as the "equilibrium”
models for weak interaction cases and for strong interaction cases represents a
very significant improvement.

The performance of this turbulence model relative to popular
"equilibrium™ models is illustrated for three airfoil test cases of the 1987 AIAA
Viscous Transonic Airfoil Workshop, Reno, Nevada. A form of this
"nonequilibrium” turbulence model is currently being applied to wing flows for
which similar improvements in predictive accuray are being realized.

193

N T e s A P A LR A | g
PRebiesn ) el e A FILMED



JONVINHO4H3d 14VHOHIV 101d3HdH3IAO ST3A0ON
JONITNGHNL JIVHE3DTV WNIHEITIND3 ad3asn A13dIM -

JNIDIH DINOSNVHL NI T3dOW IONITNGHNL OL JAILISNIS
AT3N3IH1X3 39 NVO SNOLLOId3Hd TVOIH3INNN °

¢T13AOW FONITNGHNL FHL LNOJVY AINHIONOD 39 AHM

SMOTd ODNIM ANV TIO4HIV
ONITIAON FIONITNFGHNL MO1d OINOSNVHL

194



(S3SVO AILVHVHIS ATONOHLS HO4 H31139 AIXNHOM T3AON
TVNIDIHO ‘ATONISIHdHNS) SASVYO MOT4 AIHOVLLY HO4
431139 SWHO4H3d T3AO0NW ‘SINIJWIAOHdIWI LN3DO3H OL 3nd

(¢13AON .SSTULS SATONATH.. aIdITdWIS)
ALISOOSIA AQd3 SAHSITEVLST SS3HLS HVIHS SATONAIY
NNNIXVIN HO4 NOILYND3 TVILNIH3441d AHVNIGHO

d373AdON aT3id NIVHLS NI SIONVHO
OLl SS3HLS HVYIHS INITNGHNL 4O ISNOdS3H MOTS

T3AOI FONITNGHNL JIvdE3DTV
DNIX-NOSNHOM WNIHFITINOINON

195



INFWHOVLILV3IH Y

NOILvdVvd3s S
IN3FWIHIdX3 O
H1INS-103830 —-—
H3ANNAVI-SINOT ~=——
1N3S3Hd ——
713aOW 3¥NSOTD

\

Lo

0 )

MOTd > |

a3iivydvdas e
5 W

MO0HKS-

dAiNg JIHLIWNASIXVY LN3ID144300 3HNSS3Hd 30V4HNS

196



71300W 1LN3IS3Hd = IN3IWIH3dX3 O

9480 = "W ‘dWNE DY LIWWASIXY
S340Hd SS3HLS HVIHS SATONA3IY

£9°0 = 9/X

o'l

wo ‘A
gl
0¢

SC

oL

wo ‘A
o)
0¢

5¢

197



HLIWS 103830 —+—

H3IONNVT-SINOM — = —

IN3S3IHd ——
71300W 34NSOTD

SNOILNGIYLSIA SSIHLS HVIHS SATONAIH WNINIXVIN

-

198



ALINgISS3IHdNOD
HO4 SINNODJV HOIHM 31VOS ALID0T3A S3ANTONI °

(IAVM HOOHS 40 NVIHLSNMOA h0 d3.L.01a34d43A0 13A0N
TVNIDIHO) SNOILIANOD LNIIQVHD JHNSSIHd ISHIAAV
@3HOVLLY HO4 .. T1VM JHL 40 MV1.. S3I4dSILvS 31139 -

NOISSIHAX3 ALISOOSIA AQAd3 HINNI M3N

T3AON DNIX-NOSNHOM NI SINIWIAOHNI

199



0L10°0
0LL0°0
6510°C
89L0°0
5]

HO4 13O FONITNGHNL ONIX - NOSNHOMM NI SINIW3AOHdNI

5280
828'0 -F MIN — .
(8L°0 M-rdlo —-— cL
£08°0 dX3 [

T ,08'Z = 94%% g0 =W 911

61'€ = 9% gz7°0 = %W ‘zzez avy
SNOILLOVHILINI H3AVT AHVANNOG/IAVM XDOHS AVIM

200



o'l 8

/X /X

(£08'0) ¥08'0 = 19 \%%

:!
-—
1

(69L0°0) 6910°0 = 92 i (6910°0) 6910°0 = 99
(£08°0) 1080 = 1D

INIWIH3IdX3 D

TIAOW ..ANIHEITIND3-NON., DNIX-NOSNHOr T300W ..WNIYEITIND3., HLIWS-103830

LN3WIHIdX3 o

n_Eo&o dwod

89T = peLO = W

61°€ = 90 ‘gz70 = 99 ‘2287 3wy
3SVO TIO44IVY A3HOVLLY

201



9/X

/X
0L g 9 v z 0 0l g 9 v z 0
I L ) . & N L 4 fl l N.PI
4 L o-
(2¥20°0) ¥520'0 = 9o | (zv20'0) zLe0'0 = 9D 8
(€v£'0) L0 = 1O i (evL°0) Lg870= 1D %u e
4 30
l#.
n_Ou
rm-
Lo,
LINIWIH3dX3 O i LNIWIH3dX30 o,
73Q0W .,WNIEE1TIND3-NON., DNIN-NOSNHOF | 13QOW ..WNIY8ITIND3., XYWOT-NIMATVE
0z
00T = an&0 86/°0 = nEoUs_
6L = 9% 610 - PP ‘zzgz 3wy

3SVO TI044Iv 431vHVvd3s

202



/X o/x
0'L 8 g v ¢ 0 ol 8 9 v z 0
A i Il A l i A ' A 4 N-Fl
8-
(1€€0°0) 62€0°0 = 99 .ﬁ. (Le€0'0) zLe0'0 = 92
(06€'0) 88€°0 = 10 (06€°0) 990 = 10 -

IN3IWIH3dX3 O

T3IAOW ..WNIKEITINDINON.. ONIX-NOSNHOr

LININWIH3IdX3T o - 9'L

130N .. ANIYAITIND3.. XYWOT-Nimaive

02T = n:._oﬁQ

dxa

~ 0z
68L'0 = WW

982 = %0 'g'g = 9w 'z100 VOVN
3ASVIO TO4HIv d3Lvdvd3sS

203



ST13AOIN IONITNEHNL DIvHEaDTV NNIHEITINO3 OL
d3HVdINOD 1HO443 TVNOILVLNdINOD NI 3SVYIHONI 378I101MO3AN

ALIDITAINIS TVYOILVINTHLVYIN ONINIVLINIVIA 3T7IHM
SOISAHd INVA3T134 LSO 73A0N O1 SI HOVOUHddV LN3S3dd

T13AON 3IONITNGHNL JDIvHE3ODTV WNIHGITINOINON
HLIM ADVHNOOV JAILDIA3Hd NI SLINIFWIAOHJINI LNVOIIHINDIS

AHVININNS

204



SESSION IV

CFD CODES

Chairman:

Jerry C. South, Jr. A
Head, Analytical Methods Branch
NASA Langley Research Center






~

N91-10851

*3uim jo odA1 uodsuen € 1040 morj pareredas otuosuen 10§
pauTNqo UAq ey Brep amssazd M JuSmaaIFe JUSI0XS PUB SMO[J [RUOISUITP-IUY) O} PIPUSIX? UAQ S8y Sury pue UOSUYO[ JO [9pOw

9ousmqIn} wnuqnbs-uou ayJ "swm 1ndwod JO WNOWE F[qBUOSESI UL SIAPNIS [SPOUWI DUIMGIN PUB WSWULAI-PLS 101puod 03 3[q
-1583] 31 SPBW SBY 3POO 3} JO ASUIDLYS parcsdut Sy ], "suonnjos es-Apeais 3A9oe 01 nbruysel uonris[adoe pusnnu e Sunuamoidun
Aq paute1qo U33q SBY 9p0d Y1 Jo A5uddYId 3y ut ured weoyrudig ‘suonenbe Furuaaod Apesisun Sy 01 UOON[OS IS APESNS UTEIQO O}
suroyds Suiddass-smrm suny-o8uny 11o1dxs we sKojdwa oo SISeq YL, "S[IUUTI-PULM IpIsul parunow s3urm pus sproxayds srejoud ‘suonier
-nSiyuoo Apoq-Summ ‘sSuim parerost 1sed moyj J0j suosLredmos viep Y3nomy PAIepIeA UAq Sey 3pod 1ANdwod Y], 'SUORIPUOD MOYJ dTUOS
-urn Jopun syusuodwod yerore 1sed SMO[J JUSNQIN) ‘ISqUNU SPIOUASY Y81y SurAj0s J0J PIdO[IAIP UAq SVY SINOIS-IIMABN WAR[-UTY)

10en5qY

PGV BUPTY ‘WP "M onug

INUYD) Yoreasay A98ue] VSVN
BSIEA ‘N I0A

Aq
SNOLLVNOA SAMO.LS-HAIAVN d-€
HNIATOS ¥OJd STNAHDS VLLON-AONNA NI SIINVAAY INTDTH
SNOLLVYLSATTI 40109

SNIVINOD TWNIDI¥O

o ELMEL

Loias R

207



suosledwod ejep BIA 8p0d dUL S1eplfeA

s1oeye wnugiinbe-uou Buipnjoul
Agq smoj} pajesedas 1o} |apowl 8dus|NqIN} anoduw|

selpadoid aousbisAuod uo —
foeinooe uopnjos uo —
Jusweulal pub Jo 108}j8 8y} Ssassy

smojy pajesedas ‘oluosuel) ‘Jequinu spjoudey
ybiy 10} BP0 SAXOIS-IBIABN Judiolje ue dojeAsQ

S3AILLO3Ardo

208



|opow Buyj-uosuyor : |gpow wnuqijinba-uoN
[opow Xewo-uimpleg : |spow wnuqiinbg
| S|epow asus|ngin}
WO} MB| UOIJBAI8SUOD Ul Us}ilim ale suolenb3]
uonewixoidde Jakej-uiy |

suoljenba sa8)01g-ialneN pabelaae-spjoukey

SNOLLYNO3 ODNINHIAOD

209



LUEBBJISUMOP e S8|qeLIEA
1ayio ejejodesnxs pue ainssaid Ajoads

||lemepis snoosiA Joj 8jijoid jeniul Ayoads
MOJjul JE SjuelieAul uuewsiy
SUOIB|NWIS [SUUN}-UI : MOIINO/MO|JU|
WEaJISUMOp 1B Sa|qelieA |e sjejodelixs
plelyJe} 10} SlUBlLIBAUl UUBWASIY
11e-991) : MO[JINO/MOJjU|
ainssaid aoejns ajejodesxs
90BJINS SSOIOB XN|} 018Z
PIOSIAUL : 8oelNnsS pljoS
uonIPuod oljeqelpe Jo ainjeladwal paljioads
jusipelb ainssaud |ewiou 018z
uonosful o18z pue dis ou

SNOJSIA . 89BJNS PIj0S

SNOILIANOD AHVANNOA™

210



ysew 8auly uo Aluo psjenjeas sexnjj SNOOSIA —
( yloo}-mes ) apho-A —

ABeyens ( DL ) pubnnw N4 —

anbiuyoa) uoneisjgooe pubnny

punoq
Aungels Buiseasoul Joj Buiyioows [enpisel yoldu
“uepuadap onel-joadse pub ‘Jusiol80d s|qeleA

Aljgels
10} pappe uoledissip [eloyie 01d0J}0SI-UON

aWaYOS 8ouBIBYIp-[ellusd ‘8WN|OA ajiuld

suonenjead uopnedissip
e YuMm awayos abelis-G @ s1ayIom-00 pue
uosawer Jo sawayds eyny-abuny uo paseq

WHLIHODTV TVIIHINNN

211



A40M AHOM

00T 008 00¥ 0 00| 008 00¥ 0
O T T “ T T T _ T T T N-Iv o T T T _ T T T _ T T N.I.
AN S <4 9- AN 49-
i —
n? T 13 v’ 1
c ! \um -
Vg 4v- V9 -4 v-
N : g N
) fo_ 2 v ..
c 8 HET o c 8 r 4¢-
o ! C o |
oL 1c- > oL — -
—
S’
AN 4 - AN -
1200 4o vl Jo
pub 6¥X59X682 puUb £EXGOXEB |

[pO @dousjngin} XewoTj-uimpleg
(909 =0 ‘980 = "IN )
Buim 9| YHIANO 410} Alolisiy
99uabIaAU0D UO JudwBuULal pUb Jo 10843

(IvNQIS3y)907

212



o/ X /%

oL 8 9 v ¢ O oL 88 9 ¥ ¢ O
r T T | _ 171¢° L M _ I _ T e rAl!
059°'=8/AC p |8 Ovy =8/AZ 318
-
0
O
-
V-
8 -
¢ -
49 L-
synsa: pub 6pxgoxegz —---  sinsal pub .mmxmoxmmr —— ejep eswuadxg O O

|PO 8dudINQIN] Xewoj-uimpled
(6,909 =0 ‘$8°0 ="IN )
Buim g YHINO 10} suonnquisip
ainssaid uo juawduljal pub jo 1843

213



0/ X o/ X

oL 8 9 v ¢ O oL 8 9 v ¢ O
1 _ _ _ _ JN.— r _ _ _ T 1127}
8 008°=8/AZ sk
2 A
0 0
O
0 e
V- 1 A
8- 8-
N. PI N. | —
- O. I—- B w. |-
synses pub epxgoxegz --—-— Sinsal pub gexgoxeel —— elep eluswuadx3 O O

|PO\ @ous|NQIn] Xewo-uimpleg
(6909 =P ‘$8°0 = "IN )
Buim gy YHINO 40} suolnquisip
ainssaid uo juswaulal piib jo 10843

214



AHOM

00¢| 008 (0]0}4 0

O T T T T T T T I T T T Nl

A - 9-
! —
wv T 15 8
S e
J9 {v- 2
W L
8 r 4 O
O -
10} A
—
SN’

AN =

VlL o)

(6909 =0 ‘480 = "IN )
pLB 6yXG9X682 ‘lopow Bupy-uosuyor yym
Buim 9N YHINO {0} Aloisiy aosuabiaauo)

215



XEWOJ-umpleg Bury-uosuyor

pub 6pxG9xege  ‘eoeyns laddn
(0909 =2 ‘480 = "W\ )
OC_>> 9N YH3INO 410} sinojuod ainssaud

uo |gpow aduajngini jo 10843

Al

216






it —— S

oo



1 ——————————————

/% /%

oL 8 9 v ¢ O oL 8 9 v ¢ 0
[ T I T I AN [ I _ T T | g ANt
059°=8/AC 18 Ovy =8/AZ 8
4 nid
0 -0
O
<
y- -
8- g~
AN S ) dz -
4971~ 1g7)-
synses Bury-uosuyop s)nse’ Xewo-umpeg —--- Elep euswusdx3 O O

suonendwod puUb 67XG9X682
(0909 =2 ‘980 =" )
Buim 9N YHINO 10} suolinquisip

ainssaid uo japouw aduajng4ny Jo 10943

219

MED

1
£

AN NOQY F

39
'

]

"'F‘f-‘l



2/ X
oL 8 9 ¥ ¢ O

I T T T ! 171271 rAN"
006°=8/AC -8 g
-
0]
O
-
V-
8-
[~
AN S
J971-
synsal Bupj-uosuyop ——-— S}nsal XewoJ-umpeg ---- elep |eluswuedxy O O

suoneindwod pub 6¥XG9x682
(0909 =0 ¥80 = "IN )
Buim gi YHINO ‘0 suonnquisip
alnssaild uo [gpow 3duad|ngn} Jo 10943



suoneinbyuoo xsjdwod asow HBupndwod
10} pue sjuiod ysaw jo asn jusioiys aiow
10} pakojdwa aq isnw spuUb painioniis-4ooig

SMOJ} palesedss 1o} Blep yim uosiedwod
paaoidwi Ul synsal jspow Bury-uosuyop

SMO|} pajeledas
10} ajenbspeul punoy si Inq ‘smoj} payoele
10} suonnjos poob saalb |gpow xewoT]-uimpleqd

Aouaiole pasosduwl
0} enp 8|qised} salpn}s aousblaAu0d-pUL)

anbiuyos) uoness@ooe pubninw ybnouy)
paasiyoe ale Aousiouye ul suieb juesyiubig

SUHVYINIH ONIANTONOD

221






N9T1-10852

COMPUTATIONS OF THREE-DIMENSIONAL STEADY
AND UNSTEADY VISCOUS INCOMPRESSIBLE FLOWS

Dochan Kwak, Stuart E. Rogers
NASA Ames Research Center

Seokkwan Yoon, Moshe Rosenfeld, and Leon Chang
MCAT Institute

The INS3D family of computational fluid dynamics computer codes is presented. These codes
are used to as tools in developing and assessing algorithms for solving the incompressible Navier-
Stokes equations for steady-state and unsteady flow problems. This work involves applying the
codes to real-world problems involving complex three-dimensional geometries. The algorithms
utilized include the method of pseudocompressibility and a fractional step method. Several ap-
proaches are used with the method of pseudocompressibility including both central and upwind
differencing, several types of artificial dissipation schemes, approximate factorization, and an im-
plicit line-relaxation scheme. These codes have been validated using a wide range of problems
including flow over a backward-facing step, driven cavity flow, flow through various type of ducts,
and steady and unsteady flow over a circular cylinder. Many diverse flow applications have been
solved using these codes including parts of the Space Shuttle Main Engine, problems in naval
hydrodynamics, low-speed aerodynamics, and biomedical fluid flows. The presentation details
several of these including the flow through a Space Shuttle Main Engine inducer, vortex shedding
behind a circular cylinder, and flow through an artificial heart.
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Particle Traces for SSME Inducer

(INS3D-LU)
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Surface Pressure for SSME Inducer

(INS3D—LU)
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Hypersonic Blunt Body

Application 1
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Flow features
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(i step): A=.001

(density contours)
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Application 4: Plume Flow

Flow features: Outer shear layer, barrel shock, Mach
disc, reflected shock, triple-point shear layer

Initial grid and
Mach contours

.5 1.0

oy IN\NAARRRRERR R INF//Z

Adapted grid and
_— e solution (after 3
: iterations)

250 m

Comparison with
shadowgraph
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Application 5: Supersonic Inlet

Flow features: Corner shock, reflected shock and
expansion fan

Initial grid (101x81) and density solution contours

A1 e
A
P e e 0 4

s
ity Is S ==
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Application 5 continued: Adapted
grid (marching in j) and Solution

Input parameters: ASmin=-25, ASmax=2.5, A=.0005
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— NORMALIZED VECTOR PLOTS

STREAM FUNCTION CONTOURS
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STREAM FUNCTION CONTOURS
Re=5k, 96*192 grid, t=4000

0.5
0 = T ™ T T
0.00 0.25 0.50 0.75 1. 00
X
— -0.070 -0.050 -0.030
"""" 0.001 ------- 0.010 ------- 0.020

OF ro0

262

A

2 QUALITY

-0.010

e

FLGE IS



00°0
00°0

T
LKA
LR
e e,

2 R
e R

NN

I
TR
IS

(9’0 *
€€t
00°2
t t1 70~
. 5070~
\)
‘‘‘‘‘ %%%% R Fioo-
S N !
.-:------~.- ooo/;o&" r&/é///ﬁ////’—_éﬁ—-ﬂ //aﬁiﬁ\.. !
L R e y @
R R T :
R AT /%,
gz SN %,/
o s
i i %N/,}% ,/,%% ,
\\\:::: == il SEES.....%,% %’ % L v00
il ‘“_.__sﬁﬁﬁﬁ\%%%%
il [ 2 n
i 2E
£ {1 ) |‘m
15 LR
[y
e Sy
=t
o e
ey el
]

BT
)

i

000%=1 'PUIT 26196 'MG=9°Y |
ADVAMNS NOLLONNA WYAELS




£
T,
.....$.§=§=5

TAL]T
', .-: -~=

42040454y,
LIyt

isress;

it
It
2 :...................ﬁ:...ss..ﬁﬁ::\

e ,..,.%Moﬂf
Y
R

R

2oy

R
A

Rk

ZINR
s

SRR
SRR
RO

.___.____*_sa_ .

|

] ‘_\__3,5 TN
§$._..==§=.§§ =__ f/
.__._E_______E_ i _____ _ ‘ |

—

——x

——

—_—

——=x

&
£

I

264

000%=1 ‘P18 261x96 3IG=9Y
AOVANNS ADYANA DLLANIN



000y 006¢

008¢

Y

001¥=>1=>008¢ ‘PlI8 261496 MS=9Y
23ueyd s} JOJ WI0U [T dalre(ay

dALS ANLL ¥dd IONVHD NOILONNANWVHALS

OND4S

L 10£000°
L zotooo"
L cocoo0”
I vo£000°
L $0£000°
L 90£000°
L cofo00”

90£000°

60£000°

01£000°
b 11£000°
L Z1£000°
tCig000°
L y1£000°
L S1€000°
L 91£000"
beigo00
L 81£000°
L 61000
L ozgoo0"

f.Nnooo.

o

o

o

20
iy
~
e
i
L

.

265

g
o7

s




@
X L
(S
) e 0 05" 0 20 00'0 el
. et et e axaa AALARPILLAL 1 R
) R TR A AT R R A AR R AR R R R A S &&uuuuuwu\\\::_::lﬁﬁll34WH ¥S8° 0 e Oy
w 'R rrrrrrku.kr/rry/(1Kl1.&YtttIll/(/&(llllf/bl‘%i\i\«\v\\d\\\\\\\4\\\\\\.xsﬂas»» M ..ﬁ ,
A NN A L L A R LR LA i OGO L Y L) 11t -y
A I T N A R A A A et > enasss s A AT ISR T , x
DI N e e N R A A L A R N i . »&\.\»\\\\\\\\\3\33” y1a1ed
D B i ST TITR S SO &
R R N T R R R R L R R L b it O UGS O U OGNl A LT P d», NS d
R R R R R R e R ittt el St Y : e
N N A L L A T SISO SN e/ s AT T Y A4ty L
R NN NN N R N raroaaan s 2L AL TR AL .
I R N R L S A A E GGG NEN T LTS D) w “ kA AR [&]
R N AN : e T LSS B
#M“\\?..unnnwﬂw_ﬂmwuaﬂuz//n.//lt«llllllquuu::«wi|1 e > »unww‘“w; i ;;HL,. "
LI S R R N T o i i g » > VLI IRTR P YL
2 R T T N N A s e > idafiinitn,
I R R R R R R R R R R et tirne r it - - . > -, B 44
R R R R R T N ittt el o » Ty Addhain
b W 4 700N NS N OO0 N R RN S e ST OS UGG TN S o By otz H 44 u P »H “d
A M SR N Y RN NN N N U N R N AR ANRA > PN T »H L » 4
BB A e e s dasaaasees - IR I
M 4 AV/M\\M *M FEay //////Jbl&Jlel"iij Sl - g~ - Rl e NS lb/b/NIb{/ijleﬁ\w .H)) 3
ANl sesy .& FYYvaa > > P B a3 b monia . NN S S S
EARe <L dV ) M«krllldivi ..... RIS = S S A A NI U SO S T T
AR LA LA N A e o Ak S e e e S A AR R A A N L S
M L v - P L S S RPCROIRCS S N T e e PrhAren
;M.MAI.\\R\\\\\\K i A Saa A h 142
M-, n\»\\\\\\.\.\..u\\\\mk et 1«/(1J..\.x»$»., i
AR AAAIAA AN NN et 1
e e - J " 1
O T - , niatt
(e, it
v v A “*
ey . T
iy A BN ARG AN " N A NET
Libididid Ay, AAAAAAN, 7. vy, 3T NN N 251220
R A AN AR AN vy vrrw AR A N N 0
AN S A NN A R RN NN L) &
r %7 V7 LR P v s saude e S e e
19 A1\ 2% LELE LSS 7 ISR seetueetaattaddtng ettt A NN N NN R R N A e
4«# Yy Anpng2 AARAAAAAATANAIIRN T 22 00y p - e A A M B S T 2 N R AN NN AN NN NN S
Yy 3 ANNAA AAARAAASKAAA AAA N 2 A, > > AN N N R N NN R N NN NN N VN NN N
iy « AANAIA AARAAIAAAIRI AR 3, I O = & s O o O e N N A N M N M R N N Y
SRR IT LY AR AT A AT A A X 03 3w v m I N s R e
AR AAR \\\\4\.-\.4\.-\‘4\. .\.u\.-\uwihvvv » G lAtatmininie it N /KI,NAW.N.MW Awuan,«: .
»»»»»» v ¥
YU Nalvy

Ge 1=>A=>Gg (0 pue 0’'1=>X=>00
GZ2'00TH=1 'PIIT 267196 'MG=8Y
SLOTd MOLDAA AZITVINEON — S¥NOLNOD NOILLONNA WYIHIS



T ————

X

00"} GL'0 0g°0 gZ'0 00°0
X “:«5;ﬁ;_.yyzzzxt.xzzxz.tx«:,:zdif:d ; nuuhnnnx:\“::s::»::»3334 A1
3 R ittt G OIS AT Y r
R R R e asas: A AR A A RAIT A1 41 144 A A]
DA N T N N T R 2 A N A ettt > A AN LA AR RAR AR A s A fa skl s
1 VLV kkkk{k(K(VK.K////A/il//f({/—’l’lil’l’lbi‘i"ilii‘|i S AAAAR AR AR H».. PO
D T N N T T R I R R e i octetteetvetvietblietidialiob ol vitd aevaassr ity YPLILY) YIS YO
D N R R A A e Mg es Pt VLYY, el
.«rryk,«rku.ru.ru_/K/..I/.Yl//l///bl./l&f/l!f.iiviii11 kil AN AAAAZ BRI A H». .»»»;.f\,
h yv(kkerrrr/r,‘zrz/tt./(z..l///ll({llllllfu.ddi«iiiid N = o AR R AR T T I\ Aok & 4 b Ak
I N I R N L R vt vl i IS A AR A A e
D T e T S N A it ddidbuiet -t eldiete e S St TEN . :
R N T N N T T X e ittt il el ole e W3 i i T A AAT AR AR PR hh A4
AR ESR I U T T T A R rtretilietreividiniolieliiiviniob ool dholbe etk Sl sanet A YIS - (16"
T N N R ottt il el e ransanaasesr rt tr Y Y Y Y IR X ST LS LU
I Tt N e R R L e bealdivtioialie st hdddaddidddac e AR a A A
»wwl...mmm«wr(.ryrz11///./UNUNUNHNMN%%&JJJJ!J“JJMN’E \\\\\\\\\\\‘sswww »y
ML, ﬂwwwWmwwWWWW”WWNNMKJZIJIJJJJ%%; ~ AR e \\W“W“““?.._ +w>
X AA mq N N A N il > »> >y w..ii,A|1iuvlvulJIJJJJ¢|v\v~ AR Y
e N T e GG NG AaGEOaadiviig R R N e ¢ ” 4
KR UYLV N NN i A S N N e T m
e ¥ P i i R AN R N e ﬁ
[ EEL
TN LY -
AT A +Lsso
d ey H
¥, AP Iy h
Vibuiebhuyeiuriviiis Aigighgias= gttt S scan A TR
TINUL AR ELL LAY I SGEAAaEaad s Sraaai e s A IR
ViUU00ikdié bbby
LlEidddd b il ésd
TN EAL LA LY
MG I
MR
vyys el i
,.L**u““ f
Y
1y v .
«~ L
[ A7
s
SRRA ahh
* A \ \.
SReXIY,
b
BB YYEY
MR

ce' 1=>4=>GQQ PUe 0’ 1=>X=>0'0
G2 T0I¥=1 ‘PLIB 26196 MG=9Y
SLOTd MOLDAA QAZITVINHEON — SUNOLNOD NOLLONNA WYVHHLS

267

. PAGE IS
R QUALITY




X
00

! §¢°0 050 §2°0 00°0
T T L ey Ty b AR LA R L L S IR
R el et \ P
ww ew”e«kry«rrrrﬂ/rrtlK((lt(l(llll!l/JHKJNHHH‘ \H“W\\\\\\‘s“» m W
A N N R N e ta e s e e saaasvasssasrs sy [T T R
A B R e A A 2125 :
A N e r daaea e dasasaaasaaassnsars s/ LTV WYY
H R N A R Aot Db el el et eI ffn
A SR Y
b MRVl Lol i ddddd — e rr XAANTD T m wT
ﬁM,:x“«%WW%xx,./?ff?:::- e wsadesdtatanatantas: RIS TN TE LS
D A R T A R R R ittt £ bl > AR AR AR 4 »
«wrrmerr,/zrrr(r(//(II{(flJI(/(Jiiiiil"*fff*'Y'YYY‘Y‘*ﬁff‘f‘ﬁﬁf‘fﬁ*f?'7*¥ M\\\\xxsﬂsm W WWA .
~«,v«rr/q(//k(rrI/t1(//l/fgl/(JJJJ"i‘i‘ff*‘fff*f**fff!fifﬁ**ﬁff"*ﬂ‘i'fﬁi¥¥ ZREAA0 AAharteso
1y v TRNN Y R Rl B Rt P W
D I R R R N A AP N
z,yy(rkyeW«{/(rrtrllftllillllﬂ AR L L Taseer P VPP Y YT >»p
mfﬂ/rryrr,/éryykrrtlffi 5 4“1‘(((1(‘(“4‘¥\\\\\\sx\xs»r A w
N D R ST A A A A e T ]
R R R R N R R R R R R R R A il > b L e NI E
AN T N T R K il Bt bbbt R e e A P A AN .:H,
:NC ; R RN € S SIS SISO S u s aaaat "wqunnnuuuuuwuuuuuuuuuuu.\n»\\\\32..3\: ﬁw
{1 | yrrk,dl ot s et A G R AR Il//l(l/l&&‘\\\\\\\\&\»» a1
s Y PP AAAA rrrArt
LNy e s e
AR I IR 255t v saasteen e NS e 2 a s s h p 850
[ ’ . e .
VL UL N A A e v r i A e saver Ay 1T,
N 2 s e s e S
> » »r
VESL LA UL b X
xmmxwwxﬁ & i
4 -
4%k\kkvkx\xx At
MR A1
b i 2 et
_I«Iﬁ MW» ~ .
‘ A N b2
NNV
Mww& WNuu AAXANAND ¥\¥§***ff1'Viﬁf‘*ﬁ*ﬁfﬁlﬁ‘ﬁ‘ﬂf‘lf‘lﬂl 7 AN Y
« ﬂ ““ AAAAPAAAAAAARN NN wn ww Iy
I \araAn ANAANN AL
.“M "W Yy NN MY
L SRR
T st ssasases SRR
T SEVY VYY) CELLLVTY 119 reasaaean Y RNRREDINN 4444 S PN
vhiN TR IR T R R T N T

G 1=>4=>GQQ0 PUe ' 1=>X=>0'0
0SS’ 10T¥=1 'PLIT 261x96 'MG=0Y
SLOTd HOLOWA AAZITVINION — SYNOLNOD NOLLONNA WYHMLS

P
POOR QUALITY

268

O
OF



N T

X
SL°0 0s°0 S0 00°'0
T TR T P T R ST T TR TR TR A R R R AR AN ) s yir s nsaard 2t d AAAREAL LSS SIS ILIAT LA IAL L vog 0
' W NN N by R g g e AP ANIAAAN T
fﬁ A A e e lluf\.\\.\.\\\\;\““““‘““R&Mmm?m&wm
LA k,k_,;Awwwv.ﬂy,z(wwwzrzzrzflx Mtcndninndnininediivor i eiel e sauaunessany sttt it I VT Y Y YIS Y IUTe R
v .Akkkaw.A, \ KL/MA ” R R e il \d\q\qﬂ\\\\ \.\\ﬂﬂﬂﬂr‘fﬁ HW H%_H
L N R e a A A A AR T T
T T Y Y Y A TN AN NN R R A > Sy Y EYEE) }...»;4»,..
J&..ywqq«xz”/ Wy,w”yﬂﬂ/»//ft/i/l/l/(ﬂ./zb{{l/vlidii11# > SO atsigigh i Sandarrsba L,.:H”»
N n(( ....477«., N /,..‘/ O S R il e - e NN IATAAN 4 A A S A AR
’ yvvr‘aqququvn/zﬂﬂu N oS Faliilialielie > > rhvbvrw.bl\q\\«\\\\\“ssﬂ Abad »H"v
s \..uu.rwm,&_wm,4/..,‘,;“/Hﬂ///”fﬂli({/}/ﬁ/&//{/‘fﬂhﬁ‘\1.....\. s oo  ahane ibhi\h\“ﬂ“\‘sr% Ak ,)H , .M
A N N e N A S A A e e mnmnn a2 AL L DL ALAANT T .
;s\bw”an,q,.,‘z,.///1//(1(//1/1/11(1753-&1uiiﬁ|1‘ > e o bt haaiy p4q e L LL6°0
S w \lvb/u N N N R ok R il cioietiel > P AN D >+7u, +>ip,.
$ 12 T A " - aaed JITLETTETEE
B A N N A A E i Nttt S A ;4 :W?
I 4 Taies qn/ hrnfIlz/t//L/lIrJ»IJ-JrItIVervJvJvlviiii O e it IR Y fhh s
N T N A N R e Pl A e YL Y SR YT RY
I S O N N R L R b i etttk et it > AR NI T S S P
[ .M\Jﬁ. mmmr h m: N R R ddintiniiiiviialiviidid > > >3 ararseaun e AAsdgaan
B O N NN N N - s = ) 144 ple
+ ._.u Xk ¢ I T R Al i i S SOCEGGEaT ‘1’{¢¢JJJ/»¢Jlt/{1|W\s . ﬁ» 44
»M»x/ o\&vww kl(l.{//-lrlilvlllti Ed et e ane s Do PRI I I T 11lliIvJ-I.J»ﬁ~V/L/LJ-Iv ~r AAg A AR
PRI EEY Mw N : PO T I e > A e MAAEh L ss0
LA il YN > - > Mo~ e OO J.Jv\v\s H"»’ 0
R e e SRR e ST
L R o
N 22 AT AL R s pr s s J,\...\:HMW 4
T L AL L LA L oy ey NN LS & N
SR AL D 712 I¢
b o o A Al iR IR ﬁ
Ih L EARAEE L LN 2 A 2ATILL
s ‘. AnELa
o AR
3144/ i
v v ¥ ] .
1410 e 2
& St \ g et O
et w ¢ AT A AT RIS b e NINUUUN;;/N“//!{/ 5 \2 o
) M , AR IR A A At 7o T r Ay TR R N S N BN N NN N
: 3 APABAAARAAANRA T N2 272 2 022 o s e 3 s A O N M NN RN el
14 4..H ABAAAAAAAATAIAAN AT A, - ST AN A N NN N RN Y NN
: ARAAAAAAZE A A AR 2K . - S AR W TR NN N NN NN W RN |
. PPAPAAAARAADAAAAAAAARR SN, B R T o R Sl BAUNWNANY ARAE)
Y Y PAARAARRAFAAAAAAAAAA \\N&&&%YYYJI»NNHJINJNNN”NNNﬂﬂ//ﬂ.ﬂﬂﬂﬂ N ; v *
H . ) ARARAAA n\\\&\..\.-\c‘-\‘ \«-\‘c\w\w&\v\v\v%lwflvl»f{l/ul/ NN NN N NN N N N N /va .
e . T T T T R Al AR R R e Mvn !

Ge I1=>A=>GQ Q0 pue 0'1=>X=>0'0
0G'201H=1 ‘'PlIT 26106 ‘NG=°Y
SLOTd ¥OLOAA AAZITVINEON — SYNOLNOD NOLLONNA WVHANLS




| ————E T A T

"MOJ} dIjoeyd ® pue suoljedInjiq Suiqnop porrad o} pea| ABW <=
tuoryesinjiq Jdox ® Jo 82USPIAS Sl <—

*PI] @Y} woi} Surpusdsap jof [[em oY} Aq uaAlIp A[qeqoid sy <=
:SUOI}IpUOd LIepunoq MOpYSnoIy} [edyrre J0 d1polrad ou sey <=
‘wIa} 3uldIo] Juspuadop aUWIl) B ISN JOU S0P <=

o1potrad £[30eXxa ST <—

NOILNTOS MOTA DIAOIYId MIUN V :AYVININNS

"JoqUINU Spjou£ay 03 322dsdl YIM ISNQOI ST <=

:T > Iaqumu jueInoy) s Pl £}11qe)s <

{aoeds pue suIl} Yjoq UI 9)RINIDR JOPIO PUOIDS SI <=

‘sjutod plid jo Jequinu aYj3 Ym A[resur] sesesrour days aualy Jod Wy ) J0) <
‘sjutod pu8 jo Joquunu oY} Yym A[Iesul] sasealoul jey)} o8eI0)s saInbar <«

:suoisuawIlp adeds omy ul [[90 puId Iod UMOUNUN BUO SRY <—

WHLIYODTV MUN V :AUVINANS

270



N91-10855

CFD for Applications to Aircraft Aeroelasticity

Guru P. Guruswamy
Applied Computational Fluids Branch
NASA Ames Research Center
Moffett Field, California

Abstract

Strong interactions of structures and fluids are common in many engineering
environments. Such interactions can give rise to physically important phenomena
such as those occurring for aircraft due to aeroelasticity. Aeroelasticity can signif-
icantly influence the safe performance of aircraft. At present exact methods are
available for making aeroelastic computations when flows are in either the linear
subsonic or supersonic range. However, for complex flows containing shock waves,
vortices and flow separations, computational methods are still under development.
Several phenomena that can be dangerous and limit the performance of an aircraft
occur due to the interaction of these complex flows with flexible aircraft components
such as wings. For example, aircraft with highly swept wings experience vortex in-
duced aeroelastic oscillations. Correct understanding of these complex aeroelastic
phenomena requires direct coupling of fluids and structural equations. This paper
provides a summary of the development of such coupled methods and its applica-
tions to aeroelasticity since about 1978 to present. A part of the paper discusses
the successful use of the transonic small perturbation theory(TSP) coupled with
structures. This served as a major stepping stone for the current stage of aeroe-
lasticity using CFD. The need for the use of more exact Euler/Navier-Stokes(ENS)
equations for aeroelastic problems is explained. The current development of un-
steady aerodynamic and aeroelastic procedures based on the ENS equations are
discussed. The paper illustrates aeroelastic results computed using both TSP and
ENS equations.
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TYPICAL RESULTS FROM TSP CODE ATRANS3S

Full-Span Wing-Body Aeroelasticity

RESPONSES
Symmetric - --Antisymmetric

ANTISYMMETRIC MODES
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COLOR ILLUSTRATIONS

APPLICATION OF UNSTRUCTURED GRID METHODS TO
STEADY AND UNSTEADY AERODYNAMIC PROBLEMS

John T. Batina
Unsteady Aerodynamics Branch
NASA Langley Research Center
Hampton, Virginia 23665-5225

Abstract

The presentation summarizes recent work in the Unsteady Aerodynamics Branch at NASA
Langley Research Center on developing unstructured grid methods for application to steady and
unsteady aerodynamic problems. The CAP-TSD transonic aeroelasticity code, which is based on
the transonic small-disturbance (TSD) theory, is described first to provide background
information to put the present work in context. The CAP-TSD code is the most fully-developed
code for aeroelastic analysis of complete aircraft configurations at the TSD equation level and
has been widely accepted throughout the U.S. aerospace industry. Currently, aeroelastic
analysis capabilities are being developed at NASA Langley for the Euler and Navier-Stokes
equations based on both structured and unstructured grids. The purpose of the presentation is to
describe the development of unstructured grid methods which have several advantages when
compared to methods which make use of structured grids. Unstructured grids, for example,
easily allow the treatment of complex geometries, allow for general mesh movement for
realistic motions and structural deformations of complete aircraft configurations which is
important for aeroelastic analysis, and enable adaptive mesh refinement to more accurately
resolve the physics of the flow. The presentation is therefore organized in three parts
including: (1) steady Euler calculations for a supersonic fighter configuration to demonstrate
the complex geometry capability; (2) unsteady Euler calculations for the supersonic fighter
undergoing harmonic oscillations in a complete-vehicle bending mode to demonstrate the general
mesh movement capability; and (3) vortex-dominated conical-flow calculations for highly-
swept delta wings to demonstrate the adaptive mesh refinement capability. The basic solution
algorithm is a multi-stage Runge-Kutta time-stepping scheme with a finite-volume spatial
discretization based on an unstructured grid of triangles in 2D or tetrahedra in 3D. The moving
mesh capability is a general procedure which models each edge of each triangle (2D) or
tetrahedra (3D) with a spring. The resulting static equilibrium equations which result from a
summation of forces are then used to move the mesh to allow it to continuously conform to the
instantaneous position or shape of the aircraft. The adaptive mesh refinement procedure
enriches the unstructured mesh locally to more accurately resolve the vortical flow features.
These capabilities are described in detail along with representative results which demonstrate
several advantages of unstructured grid methods. The presentation further discusses the
applicability of the unstructured grid methodology to steady and unsteady aerodynamic problems
and suggests directions for future work.
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COLOR ILLUSTRATIONS

Grid Generation and Inviscid Flow Computation
About Aircraft Geometries

Robert E. Smith
Analysis and Computation Division
NASA Langley Research Center

Abstract

Grid generation and Euler flow about fighter aircraft are described. A
fighter aircraft geometry is specified by an area ruled fuselage with an inter-
nal duct, cranked delta wing or strake/wing combinations, canard and/or
horizontal tail surfaces, and vertical tail surfaces. The initial step before
grid generation and flow computation is the determination of a suitable
grid topology. The external grid topology that has been applied is called a
dual-block topology which is a patched C ! continuous multiple-block system
where, inner blocks cover the highly-swept part of a cranked wing or strake,
rearward inner-part of the wing, and tail components. Outer-blocks cover
the remainder of the fuselage, outer-part of the wing, canards and extended
to the far field boundaries. The grid generation is based on transfinite in-
terpolation with Lagrangian blending functions. This procedure has been
applied to the Langley experimental fighter configuration and a modified
F-18 configuration. Supersonic flow between Mach 1.3 and 2.5 and angles
of attack between 0° and 10° have been computed with associated Euler
solvers based on the finite-volume approach. When coupling geometric de-
tails such as boundary layer diverter regions, duct regions with inlets and
outlets, or slots with the general external grid, imposing C! continuity can
be extremely tedious. The approach taken here is to patch blocks together
at common interfaces where there is no grid continuity, but enforce conser-
vation in the finite-volume solution. The key to this technique is how to
obtain the information required for a conservative interface. We have used
the Ramshaw technique which automates the computation of propor-
tional areas of two overlapping grids on a planar surface and is suitable for
coding. We have generated internal duct grids for the Langley experimen-
tal fighter configuration independent of the external grid topology, with a
conservative interface at the inlet and outlet.

B TR e I 31



| SMOOTH dT¥D NHIM LI AOVIIHALNI AALLVAIHASNOD *

SHIATOS YH'INH ANNTOA-ALINII ®

SATYD AFINLONYLS MDOTI-ATALLINI ®

SHINLVHA

-

312



SILNHININOD ANV SNOISNTONOD *

AV'1dSIA OHUIA

SNOILLNTOS ANV HdVMLAOS MOTd HHTNH ®
ONIDOVIHHLNI HALLVAHHSNOD ¢
NOILVYENHD dIdD HNNTOA ®

SATYO AYVANNOY *

SNOLLVY(IDIAINOD HHLHOIA ®

SLNHLNOD

1™

=8

313



81-4 AUIJIAON YULHOIA TVININIHIdXH

SNOILLVUNDIANOD HHLHOIA

314



SHOVAUNS AYVANNOYT d'THIA dVS ®

suonnqLnsi( iod pLry) psppequuy °¢
suoljoun, 21eiqasS[y I

SHOVAHUNS AHVANNOH HLVIAUWHH.LNI ®

suoNqIYSIJ Julod pud) ¢
Suryjoomg pue Sunyiy ‘uonyejodsuy ‘g
SUOI}99§ SSOI)) uﬂ@ﬁOQEQU T

HOVAIHNS NOLLVHNODIANOD ®
SAIdoO AdvAdNNoOod

315



WOLIUG(] SBHNG-PUY) uonIuge(] [ewmsLQ

\m.\u\nv« e e

TELER S IR

Sierniaa S iAn
M S >

|

SATYD HOVAHNS-AdVANNOd

[

316



e

suorjouny rerpuauodxr |

TOHLNOD ONIOVdS dIJO *

sonbruyos], uorje[odIoju] SNOLIRA ,

NOLLV'TOdYH.LNI HLINIASNVH.L®

$90RJIOJU] pPUR UOI}Rd0T YOIy .
ADOTOdOL dIgoO ®

NOILLVHUNHD dId0O HINNTOA

5

317



ud
UOIINQLIISIPOY Meysure)] e yoeoxddy s ey e

SHOVAUHULNI dIdD HAILVAYAISNOO

L

318



drdo dH4LHOIA

L

319



AJTVHINA "LSNOD ANV WALNAWONW ‘ALINNILNOO«

VILLOM-AONNY YAQHO 4¥x

HHATOS 4H'INH MOOTHTLINN ' TVHEINHDO®

VILILOM-AONNYE YAAHO p.Ex
ADYANA ANV WNAILNAWON ‘ALINNILLNOD«

HIATOS HH'TNH WOLSNO®

ADOTOAOHLANW HNNTOA-HLINIA®

MOTH HTAISSHAdIWOD-AIODSIANI

e

L

320



do|

ainssauid jo Juaidy}aon
¢ = JaquinN yoey

SNOLLNTOS 40 AHVINNNS

321






,0 =>oene jo 9|buy g = Jaquinu Yyoep

IN3I0144300 3HNSSIHd 40 SHNOLNOD
NOILVHNOIINOD HILHOI4 TVINIWIHIdX3

FILED 323

LT RO

Fees foey ¥
PLEL et

P
o Ph

PRECEL!






¢ = H3IGWNN HOVI
19
ov’ s og ST oz s oL
4+
s 'sBaqg v
{s
eo-}b
2o} o
10--F "o Wo 1o
ol

uoljeindwoy juasald @
DHe uawiadxy —
AYME =1300NW

H39WNN HOVYIN
19

co't

v €’ < L 0

-sbeaqQ ©

uoneindwo) juasald @
OHeT wawnadxy —
AOYME = 13a0W

SOILLSTHHLOVAVHD DIWVNAOYAYV

o1

[ 1™

-

325

NOT FILMED

PRECEDING PAGE BLANK



AdNLS TYON STHIIN NOILVLNdNOD XHLHOA ®

INHNHATYOV AOOD NI SOILSTHHLOVAVHO MOT14 ®

ddSN SHHATOS §HTNH HNNTOA-HLINIA ®

HTAISSOd SHOVAYHLNI 10019 HALLVAHHISNOD ¢

HATdISVHA NOLLVHANHD dIYD DIVHdHOTV ©

SNOISNTONOD

1]

326



ORIGINAL CONTAINS N91-1 0858

i’
EOLOR ILLUSTRATIONS

A ZONAL NAVIER-STOKES METHODOLOGY FOR FLOW
SIMULATION ABOUT A COMPLETE ATIRCRAFT

Jolen Flores

Abstract: The thin-layer, Reynolds-averaged, Navier-Stokes equations are
used to simulate the transonic viscous flow about the complete F-16A fighter air-
craft. These computations demonstrate how computational fluid dynamics (CFD)
can be used to simulate turbulent viscous flow about realistic aircraft geometries.
A zonal grid approach is used to provide adequate viscous grid clustering on all
aircraft surfaces. Zonal grids extend inside the F-16A inlet and up to the com-
pressor face while power on conditions are modeled by employing a zonal grid
extending from the exhaust nozzle to the far field. Computations are compared
with existing experimental data and are in fair agreement. Computations for the
F-16A in side slip are also presented.

Applied Computational Fluids Branch
NASA Ames Research Center
Moffett Field, CA. 94035

Presentation at NASA OAST CFD CONFERENCE
March 7-9, 1989
NASA Ames Research Center
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N91-10859

NUMERICAL SIMULATION OF F-18 FUSELAGE FOREBODY
FLOWS AT HIGH ANGLES OF ATTACK

Lewis B. Schiff*
Russell M. Cummings
Reese L. Sorenson”®
Yehia M. Rizk?}

NASA Ames Research Center
Moffett Field, CA 94035

Abstract

As part of the NASA High Alpha Technology Program, fine-grid Navier-Stokes solu-
tions have been obtained for flow over the fuselage forebody and wing leading edge exten-
sion of the F/A-18 High Alpha Research Vehicle at large incidence. The resulting flows
are complex, and exhibit crossflow separation from the sides of the forebody and from the
leading edge extension. A well-defined vortex pattern is observed in the leeward-side flow.
Results obtained for laminar flow show good agreement with flow visualizations obtained in
ground-based experiments. Further, turbulent flows computed at high-Reynolds-number
flight-test conditions (Mo, = 0.2, o = 30°, and Rez = 11.52 X 10%) show good agreement
with surface and off-surface visualizations obtained in flight.

* Research Scientist, Applied Computational Fluids Branch.
t National Research Council Research Associate. Associate Professor, on leave from
California Polytechnic State University, Aeronautical Engineering Department.

} Member of the Professional Staff, Sterling Federal Systems, Inc., Palo Alto, CA.
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NAVIER-STOKES SOLUTIONS FOR FLOWS

RELATED TO STORE SEPARATION

OKTAY BAYSAL
OLD DOMINION UNIVERSITY
NORFOLK, VIRGINIA 23529

ROBERT L. STALLINGS, JR.
ELIZABETH B. PLENTOVICH
NASA LANGLEY RESEARCH CENTER
HAMPTON, VIRGINIA 23665

The objective is developing CFD capabilities to obtain solutions for viscous flows
about generic configurations of internally and externally carried stores.  The emphasis

Is placed on the supersonic flow regime with extenslons being made to the transonic
regime. The project is broken into four steps : (A) Cavity flows for internal carriage
configurations; (B) High angle of attack flows, which may be experienced during the
separation of the stores; (C) Flows about a body near a flat plate for external carriage
configurations; (D) Flows about a body inside or in the proximity of a cavity. Three
dimensional unsteady cavity flow solutions are obtained by an explicit, MacCormack
algorithm, EMCAVS3, for open, close, and transitional cavities. High angle of attack flows
past cylinders are solved by an implicit, upwind algorithm.  All the results compare
favorably with the experimental data. For flows about multiple body configurations,
the Chimera embedding scheme is modified for finite-volume and multigrid algorithms,
MaGGIiE. Then a finite volume, implicit, upwind, muitigrid Navier-Stokes solver which
uses on overlapped/embedded and zonal grids, VUMXZ3, is developed from the CFL3D
code.  Supersonic flows past a cylinder near a flat plate are computed using this code.
The results are compared with the experimental data.  Currently the VUMXZ3 code is

being modified to accomplish step (D) of this project. Wind tunnel experiments are also
being conducted for validation purposes.
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TranAir: Recent Advances and Applications

Michael D. Madson
NASA Ames Research Center, MofTett Field, CA

March 8, 1989

Abstract

TranAir is a computer code which solves the full-potential equation for transonic flow about very general
and complex configurations. Piecewise flat surface panels are used to describe the surface geometry. This
paneled definition is then embedded in an unstructured cartesian flow field grid. Finite elements are used
in the discretization of the flow field grid in a manner which is fully conservative and 2nd_order accurate.
Since geometries may be defined with relative ease, and since the user is not involved in the generation of
the flow field grid, computational results may be generated rather quickly for a wide range of geometries.
For transonic cases in the cruise angle-of-attack range, TranAir has generated results which are in generally
good agreement with both Euler results and wind tunnel data. A typical transonic case runs in 1-2 CPU
hours on a Cray X-MP. For subcritical cases, the code runs in 15-30 CPU minutes, even for geometries
in which several thousand surface panels are used in the definition. This ability to rapidly and accurately
provide both subsonic and transonic predictions about very complex aircraft configurations gives TranAir
the potential of being a very powerful and widely used design tool.

Acknowledgements
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wishes to thank Forrester Johnson, Satish Samant, David Young, Robin Melvin and John Bussoletti for their
dedicated work in the development of the code, and for providing many of the results presented in the charts
which follow.
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SESSION VI

ROTORCRAFT

Chalrman:

W. J. McCroskey

U.S. Army Aeroflightdynamics Directorate
NASA Ames Research Center






NO1-10863  oRiciNAL CORTAINS
 COLOR ILLUSTRATIONS

NUMERICAL SIMULATION OF ROTORCRAFT*

W. J. McCroskey

U. S. Army Aeroflightdynamics Directorate-AVSCOM
and
NASA Ames Research Center, Moffett Field, California

The objective of this research is to develop and validate accurate, user-
oriented viscous CFD codes (with inviscid options) for three-dimensional,
unsteady aerodynamic flows about arbitrary rotorcraft configurations. This
effort draws heavily from the supercomputer capabilities of the National
Aerodynamic Simulation project, and it will provide significantly better
design and analysis tools to the rotorcraft industry. Better vehicles can be
designed at lower cost, with less expensive testing, and with less risk.

Unsteady, three-dimensional Euler and Navier-Stokes codes are being
developed, adapted, and extended to rotor-body combinations. Flow solvers
are being coupled with zonal grid topologies, including rotating and
nonrotating blocks. Special grid clustering and wave-fitting techniques have
been developed to capture low-level radiating acoustic waves.

Significant progress has been made in computing the propagation of acoustic
waves due to the interaction of a concentrated vortex and a helicopter airfoil.
In this study, the need for higher-order schemes was firmly established in
relatively inexpensive two-dimensional calculations. In three dimensions,
the number of grid points required to capture the low-level acoustic waves
becomes very large, so that large supercomputer memory becomes essential.

Good agreement was obtained between the numerical results obtained with a
thin-layer Navier-Stokes code and experimental data from a model rotor. In
addition, several nonrotating configurations that are sometimes proposed to
simulate rotor blade tips in conventional wind tunnels were examined, and
the complex flow around the radical tip shape of the world's fastest
helicopter is under investigation. These studies demonstrate the flexibility
and power of CFD to gain physical insight, study novel ideas, and examine
various possibilities that might be difficult or impossible to set up in
physical experiments.

As a prelude to studies of rotor-body aerodynamic interactions, a
preliminary grid topology and moving-interface strategy has been developed.
A new Euler / Navier-Stokes code using these techniques computes the
vortical wake directly, rather than modeling it, as in most previous rotorcraft
studies. Several hover cases were run for conventional and advanced-
geometry blades. Numerical schemes using multi-zones and/or adaptive
grids appear to be necessary to simulate the complex vortical flows in rotor
wakes.

Although major improvements both in supercomputers and in codes will be
required, the present trends and rate of progress indicate that practical
computations of rotor-body combinations will be feasible in the mid-1990's.

*This research is performed by the Rotorcraft CFD Group, consisting of
James Baeder, Ryan Border, Earl Duque, G.R. Srinivasan, and Sharon
Stanaway, whose contributions are gratefully acknowledged.
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CALCULATION OF THE ROTOR INDUCED
DOWNLOAD ON AIRFOILS

C.S.Lee

Sterling Federal Systems, Inc.
NASA Ames Research Center

ABSTRACT

Interactions between the rotors and wing of a rotary wing
aircraft in hover have a significant detrimental effect on its payload
performance. The reduction of payload results from the wake of
lifting rotors impinging on the wing, which is at -90 degrees angle of
attack in hover. This vertical drag, often referred as download, can
be as large as 15% of the total rotor thrust in hover.

The rotor wake is a three-dimensional, unsteady flow with
concentrated tip vortices. With the rotor tip vortices impinging on
the upper surface of the wing, the flow over the wing is not only
three-dimensional and unsteady, but also separated from the leading
and trailing edges.

A simplified two-dimensional model was developed to
demonstrate the stability of the methodology. The flow model
combines a panel method to represent the rotor and the wing, and a
vortex method to track the wing wake. A parametric study of the
download on a 20% thick elliptical airfoil below a rotor disk of
uniform inflow was performed. Comparisons with experimental data
are made where the data are available. This approach is now being
extended to three-dimensional flows. Preliminary results on a wing
at -90 degrees angle of attack in free stream is presented.
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ELLIPTICAL WING IN FREE STREAM

-90 DEGREE ANGLE OF ATTACK
ASPECT RATIO =4.0
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VIEW FROM WING TIP

PERSPECTIVE VIEW



ELLIPTICAL WING IN FREE STREAM (CONTINUED)

SIDE VIEW
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THREE-DIMENSIONAL VISCOUS DRAG PREDICTION
FOR ROTOR BLADES

CHING S. CHEN
NATIONAL RESEARCH COUNCIL
NASA AMES RESEARCH CENTER

SUMMARY

The state-of-the-art in rotor blade drag prediction involves the use
of two-dimensional airfoil tables to calculate the drag force on the
blade. One of the most serious problems with the current methods is
that they cannot be used for airfoils that have yet to be tested. Most
of the drag prediction methods also do not take the Reynolds number
or the rotational effects of the blade into account, raising doubts
about the accuracy of the results. This project addresses these
problems with the development of an analytical method which
includes the shape of airfoil, the effects of Reynolds number, and the
rotational motion of the blade.
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Progess Toward the Development of an Airfoil Icing Analysis Capability

M.G. Potapczuk
C.S. Bidwell
NASA Lewis Research Center, Cleveland, Ohio

B.M. Berkowitz
Sverdrup Technology, Inc., Middleburg Hts., Ohio

The NASA-Lewis aircraft icing analysis program is composed of three major sub-programs.
These sub-programs are ice accretion simulation, performance degradation evaluation, and ice
protection system evaluation. These topics cover all areas of concern related to the simulation of
aircraft icing and its consequences. The motivation for these activities is twofold, reduction of time
and effort required in experimental programs and the ability to provide reliable information for aircraft
certification in icing, over the complete range of environmental conditions. In addition to the
analytical activities associated with development of these codes, several experimental programs are
underway to provide verification information for existing codes. These experimental programs are also
used to investigate the physical processes associated with ice accretion and removal for improvement of
present analytical models. The NASA-Lewis icing analysis program is thus striving to provide a full
range of analytical tools necessary for evaluation of the consequences of icing and of ice protection
systems.

Recently, two of these tools were used to produce a computational evaluation of the ice accretion
process and resulting performance changes for a NACA0012 airfoil. The ice accretion code, LEWICE,
provided the ice shape geometry at several points in time during the simulated icing encounter. The
predicted shapes are a function of several environmental input parameters, including airspeed,
temperature, water droplet size and distribution, liquid water content, and duration of the encounter.
These ice shape geometries are then used as input for a Navier-Stokes analysis code, ARC2D, which
calculates the flowfield and determines changes in performance characteristics of the airfoil. Presently,
there is no direct link between the two codes and all interfacing is done by the user. One of the
objectives of the icing analysis program is to combine codes such as these into a comprehensive icing

analysis method. Work in this area is currently underway via a number of grant supported activities.
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The Breakup of Trailing-Line Vortices

David Jacqmin

NASA Lewis Research Center
Cleveland, Ohio 44135

It is now known that Batchelor’s trailing-line vortex is extremely unstable to
small amplitude disturbances for swirl numbers in the neighborhood of .83. We
present results of numerical calculations that show the response of the vortex in
this range of swirl numbers to finite amplitude, temporal, helical disturbances.
Phenomena observed include: 1) ejection of axial vorticity and momentum from
the core resulting in the creation of secondary, separate vortices; 2) a great in-
tensification of core axial vorticity and a weakening of core momentum; 3) the
production of azimuthal vorticity in the form of a tightly wrapped spiral wave. The
second phenomenon eventually stabilizes the vortex, which then smooths and grad-
ually returns to an axisymmetric state. The calculations are mixed spectral-finite-
difference, fourth-order accurate, and have been carried out at Reynolds numbers
of 1000-2000. Some linearized results will also be discussed in an attempt to explain
the process of vortex intensification.
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